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A miña nai.
Conan′s Father: Fire and wind ome from the sky, from the gods of the sky.But Crom is your god, Crom and he lives in the earth. One, giants lived in theEarth, Conan. And in the darkness of haos, they fooled Crom, and they tookfrom him the enigma of steel. Crom was angered. And the Earth shook. Fireand wind struk down these giants, and they threw their bodies into the waters,but in their rage, the gods forgot the seret of steel and left it on the battleeld.We who found it are just men. Not gods. Not giants. Just men. The seret ofsteel has always arried with it a mystery. You must learn its riddle, Conan.You must learn its disipline. For no one - no one in this world an you trust.Not men, not women, not beasts. [Points to sword℄. This you an trust.("Conan The Barbarian", John Milius, 1982)
El hombre de negro huía a través del desierto, y el pistolero iba en pos de él.
No apunto on la mano;El que apunta on la mano ha olvidado el rostro de su padre.Apunto on el ojo.No disparo on la mano;El que dispara on la mano ha olvidado el rostro de su padre.Disparo on la mente.No mato on la pistola;El que mata on la pistola ha olvidado el rostro de su padre.Mato on el orazón.
[Alzó la mirada haia ellos.℄
Rolando Deschain: ¾Veis el punto donde se ruzan las líneas en el entro?[Eddie sintió que se le ponían los pelos de punta. La boa se le seó de repente.℄
Eddie Dean: ¾Es ahí, Rolando? ¾Es ahí donde...?[Rolando asintió. Su ara surada de arrugas tenía una expresión grave.℄
Rolando Deschain: En este nexo se halla el Gran Pórtio, la llamada Dei-moterera Puerta, que gobierna no sólo éste sino todos los mundos. [Dio unosgolpeitos en el entro del írulo℄. Aquí está la Torre Osura que he busadodurante toda mi vida. ("La Torre Osura", Stephen King, 1982-2012?)
Batman: You either die a hero or live long enough to see yourself beome thevillain. I an do those things. Beause I'm not a hero, not like Dent. I killedthose people. That's what I an be.
Lt. James Gordon: No, no, you an't! You're *not*!
Batman: I'm whatever Gotham needs me to be.[ut to Gordon at Dent's funeral℄
Lt. James Gordon: A hero. Not the hero we deserved but the hero we needed.Nothing less than a knight. Shining.[Gordon is shown on top of Gotham Central. An axe is in his hand. He is beingwathed by an assortment of reporters and polie oers. The next lines areheard in voieover℄
Lt. James Gordon: They'll hunt you.
Batman: You'll hunt me. You'll ondemn me. Set the dogs on me.[Gordon takes the axe to the bat light℄
Batman: Beause that's what needs to happen.
Batman: [Alfred is shown burning the note from Rahel℄ Beause sometimesthe truth isn't good enough. Sometimes people deserve more.[We see Luius Fox type his name into the sonar mahine. The mahineryaround him sparks and the sonar sreen fades out. Luius smiles and walksaway℄
Batman: Sometimes people deserve to have their faith rewarded.
[last lines℄
James Gordon Jr.: Why's he running, Dad?
Lt. James Gordon: Beause we have to hase him.
James Gordon Jr.: He didn't do anything wrong.
Lt. James Gordon: Beause he's the hero Gotham deserves, but not the one itneeds right now. So we'll hunt him beause he an take it. Beause he's not ourhero. He's a silent guardian, a wathful protetor. A dark knight.("The Dark Knight", Christopher Nolan, 2008)
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21Resumo
O traballo realizado nesta tese doutoral presenta os resultados nais daanálise da vida media do pionium (estado ligado π+π−) sobre datos tomadosno experimento DIRAC (Di-meson Relativisti Atom Complex), emprazado naOrganizaión Europea para a Investigaión Nulear (CERN).A vida media do pionium é demasiado pequena omo para poder ser me-dida de forma direta, e polo tanto DIRAC propón unha medida indireta damesma. As olisións protón-núleo produen pares argados mediante desinte-graións fortes de hadróns intermediarios. Algúns destos pares forman átomos







α3P |a0 − a2|2(1 + δ) (1)A determinaión de |a0 − a2| avalía de forma trasendental a Teoría dePerturbaións Quiral (ChPT). Cando as masas dos quarks u e d son nulas asimetría quiral é exata no maro da Cromodinámia Cuántia (QCD), peroando md e mu son nitas, prodúese a rotura espontánea da simetría quiral,debendo introduirse un lagranxiano efetivo en termos de ampos físios asmasas dos pións que dea onta dos parámetros da dispersión ππ. En talmaro, a Teoría de Perturbaións Quiral predí unha vida media para o pioniumde τ1s = 2.9 ± 0.1 fs e un valor de |a0 − a2| Mπ = 0.265 ± 0.004, en termos de
Mπ, a masa dun pión argado.
22 ResumoO método de deteión está baseado na identiaión de pares π+π− proe-dentes da ionizaión do pionium nun brano de Níquel onde inidiron os feixesde protóns de 20 ou 24 GeV/ produidos polo aelerador PS do CERN.Os átomos que se produen en ditas interaións poden sufrir varios proesos:
• Aniquilarse entre sí para produir un par de pións neutros segundo areaión π+π− → π0π0.
• Exitaión (desexitaión) a niveis atómios enerxétiamente superiores(inferiores).
• Ionizaión (ruptura) ao interaionar os átomos do brano.Para os propósitos do experimento ómpre separar prefetamente estes paresde pións proedentes da ionizaión dun átomo piónio no brano de Níqueldoutros pares π+π− tamén produidos nas interaións protón-Níquel, xa quepoderían interferir na orreta extraión da probabilidade de ionizaión dopionium, tales omo:
• Pares Coulombianos (CC). Produidos na mesma interaión pNi a par-tires dunha resonania de vida media urta. Estes pares posúen intera-ión oulombiana no seu estado nal.
• Pares Non Coulombianos (NC). Produidos na mesma interaión pNi,onde polo menos un dos pións proede dunha resonania de vida medialonga. Estos pares non posúen interaión oulombiana no estado nal.
• Pares Aidentais (AC). Produidos en diferentes interaións pNi. Nonexhiben interaión oulombiana no seu estado nal.O espetrómetro DIRAC foi deseñado e orquestrado o propósito de separa-los pares atómios do fondo de pares π+π− reentemente desritos. Os paresatómios presentan un moi pequeno ángulo de apertura (θ < 3 mrad) debidoao baixo momento relativo no seu entro de masas (Q < 3 MeV/c) no instanteno que o átomo é ionizado, que DIRAC pode desentrañar sen problemas graiasaos 0.55 MeV/c e 0.10 MeV/c de resoluión no momento lonxitudinal (QL) etransversal (QT ) no sistema entro de masas, respetivamente.
23O amiño que perorrerán os pares atómios ao longo do dispositivo expe-rimental de DIRAC omeza no punto de interaión onde son reados, andoos feixes de protóns de 20 ou 24 GeV/ iniden sobre un brano de Níquel de98 ou 94 miras atravesando de seguido o detetor GEM/MSGC deseñado eonstruido de forma íntegra polo Grupo de Altas Enerxías (GAES) do InstitutoGalego de Físia de Altas Enerxías (IGFAE) da Universidade de Santiago deCompostela (USC).Inmediatamente despois, os pares π+π− franquean un sistema de bras deentelleo (SFD), que axudan na reonstruión espaial e temporal das trazas,e hodosopios de ionizaión (IH), que axudan na seleión de trazas a moibaixo ángulo, non resoltas polos detetores de trazado (GEM/MSGC e SFD),mediante un riterio de doble ionizaión (o al signia que dúas partíulaspasaron polo IH). A ontinuaión os pares π+π− deixan atrás a zona upstreamdo experimento para adentrarse na zona downstream, separadas pola presenzado imán de 1.65 T de ampo magnétio, que urva as partíulas argadas noplano horizontal, segundo a direión de propagaión do par π+π−.A partires dese momento os pións ontinúan o seu perorrido a través doespetrómetro por adanseu brazo downstream, segundo a súa arga elétria.Un pión argado positivamente (negativamente) seguirá o seu amiño polo brazoesquerdo (dereito) do espetrómetro, atopando ao seu paso despois do imánunhas ámaras de deriva (DC) que serven para a reonstruión de trazas, e sonindispensables para a medida do momento das partíulas, para seguidamenteatravesar un sistema de hodosopios vertiais1 e horizontais (VH e HH).O VH é usado para a seleión de suesos que hegan a el en oinideniatemporal nos dous brazos downstream. Os pares que aeden a este detetordentro dunha venta temporal ∆t ≤ 0.5 ns son denominados pares prompt,e onteñen tanto pares atómios omo pares aidentais, oulombianos e nonoulombianos. O HH é usado omo riterio de oplanariedade, o al garantizaque os pares de partíulas teñen unha ompoñente pequena en QY , denidaomo a ompoñente transversal do momento do par π+π− no entro de masasao longo do eixo Y, perpendiular á direión de propagaión do pionium. Aontinuaión os pións argados seguen a súa andaina atopándose os detetoresCherenkov (CH) e Preshower (PSH), que se enargarán basiamene de rexeitareletróns ou muóns que puidesen ser onfundidos os pións.1Os hodosopios vertiais proporionan informaión temporal básía e por iso reiben onome de Detetor de Tempo de vóo Time-Of-Flight, ToF. Foron ademais onstruidos einstalados de forma íntegra polo GAES.














25sendo ǫA e ǫC as eienias de reonstruión e aeptania do detetor paraos pares nA e NC , respetivamente. O fator K experimental, Kexp, pode serfailmente alulado, xa que os valores de Kth son oñeidos e están tabulados.O método utilizado para avaliar a probabilidade de ruptura do pioniumonsiste en determinar por un lado o espetro de datos reais, a partires de sue-sos proedentes da reonstruión de DIRAC, e por outro lado o espetro doMonte Carlo on todos os tipos de pares π+π− itados anteriormente: oulom-bianos, non oulombianos, atómios e aidentais. O Monte Carlo úsase parareonstrui-los datos experimentais mediante unha ombinaión lineal dos paresmenionados que, ao minimizar un axuste χ2, proporiona nrecA e N recC .A fraión de pares aidentais presente na mostra de suesos prompt debeser determinada de forma preisa, xa que a antidade de pares aidentais é unparámetro xado na análise χ2 dos distintos espetros dos pares desritos onanterioridade. Graias ás preisas medidas do detetor de tempo de vóo, estaantidade pode ser failmente determinada en funión do momento, para adaun dos tres anos de toma de datos do experimento.Na análise de datos, un novo xerador foi usado no presente traballo, queutiliza omo input unha funión do momento do par π+π− plana en θ, que pro-duirá un arquivo de 50000 suesos oa posiión e trimomento de ada un dospións. Este arquivo inemátio será o input de GEANT-DIRAC, que xeraráun sueso para ada un dos eventos ontidos no arquivo inemátio, faéndoopasar por ada un dos detetores do espetrómetro, gardando a informaiónde ada un deles nun arquivo hamado buer le. GEANT-DIRAC é o nomeque reibe a versión modiada dun paquete de simulaión suministrado poloCERN, GEANT3, que foi onvenientemente reformado para os propósitos doexperimento, e que ontempla tanto a xeometría únia de DIRAC omo a súaaeptania, así omo a simulaión da resposta dos detetores (resoluión, e-ienia, et.).Estes buer les serán entregados a ARIANE, un programa on deeas desubrutinas e miles de liñas de ódigo que os proesará, dixitalizando os suesose gardando a resposta dos detetores, xerando os impatos en ada un deles, asíomo as súas eienias de deteión e as súas resoluións. O output do pro-grama ARIANE será unha oleión de n-tuplas (matries) que máis tarde seránproesadas por un pequeno programa hamado readnt no que se van apliar unspesos ás propias n-tuplas oa nalidade de que o espetro (p, θ) teña a mesmaforma para datos e para Monte Carlo. Este último programa produirá todose ada un dos histogramas neesarios para o axuste nal da probabiliade deionizaión do pionium.
26 ResumoAtualmente existen dúas determinaións previas de τ1s no experimentoDIRAC levadas a abo un traking no que partiipou ativamente o detetorGEM/MSGC. A primeira medida foi determinada úniamente on datos perten-entes ao ano 2001, mentras que a segunda medida inlúe xa os anos 2002 e 2003,sendo as vidas medias respetivamente τ1s = 2.58+0.30−0.26 fs e τ1s = 2.58+0.19−0.18 fs.
• O primeiro traballo entrouse prinipalmente no sistema de rastreo dosdetetores upstream, no seu alineamento e na simulaión Monte Carlo dodetetor GEM/MSGC.
• O segundo dos traballos estudiou on maior profundidade os erros sis-temátios na análise da probabilidade de ruptura do pionium, dando asíonta da ontaminaión de pares K+K−, levando a abo unha simulaiónmáis preisa da resposta dos detetores e inluindo toda a estatístiatomada polo experimento durante os anos 2001, 2002 e 2003.O presente traballo non onstitúe unha nova revisión do método de análisesenon que propón un método máis preiso e introdue dúas novas orreións,omo son a simulaión do trigger e a resoluión do momento, que fan que oMonte Carlo sexa sensiblemente diferente aos utilizados previamente. Dende unprimeiro instante se proedeu á seleión de datos uns riterios distintos, ondesó foron inluidos arquivos de datos onde o detetor GEM/MSGC funionaseorretamente.Un antigo riterio na seleión de trazas foi eliminado, unha vez se demostroua validez das trazas eliminadas. Dito riterio de seleión estaba baseado nunsvalores máximos permitidos dos χ2 alulados para as trazas das ámaras dederiva. Tanto os traballos reentes, arriba menionados, omo todos os traba-llos levados a abo on este restritivo riterio de seleión de trazas estabanobviando máis do 30% da estatístia total de átomos.O Monte Carlo desrito nesta tese inlúe a simulaión de varios aspetosda análise que ata o de agora eran inéditos. A simulaión de ertas peu-liaridades orixinais fai deste novo Monte Carlo unha ferramenta moito máspotente e poderosa do que o foron os seus anteesores, axudando enormementea unha mellor omprensión do experimento. Os aspetos máis novedosos eimportantes do atual Monte Carlo son a simulaión da aión do trigger e adegradaión da resoluión no momento de laboratorio nunha pequena antidade(0.066%), que foi neesaria introduir para que a resoluión do pio da masainvariante da partíula Lambda (1116) fose igual nos datos e no Monte Carlo.Esta degradaión oñéese omo smearing en momento.
27Foi absolutamente neesario introduir a simulaión do trigger para darunha desripión dedigna á simulaión tanto da ompoñente lonxitudinal omotransversal do momento, que anteriormente non puideron ser todo o perfeta-mente desritas na hamada zona de extrapolaión (para QL > 2 MeV/c nonexiste sinal do pionium). Datos e Monte Carlo presentaban diferentes pendentespara QL > 10 MeV/c e unha orreión en QL era totalmente neesaria, levadaa abo en forma de polinomio lineal. A simulaión do trigger resolveu o proble-ma inmediatamente, deixando patente a relaión entre unha mellor simulaióndo Monte Carlo e unha mellor desripión e entendemento do experimento.A introduión do smearing en momento foi motivada pola resoluión do mo-mento estudiada on suesos Lambda (1116). Realizouse un axuste de máximaverosimilitude a datos reais e ao Monte Carlo de lambdas, no que se reonstrui-ron as masas dos lambdas. Observouse nun primeiro instante que a resoluióndo Monte Carlo era menor que a dos datos reais, e a degradaión da resoluióndo Monte Carlo voltouse neesaria para que a anhura dos lambdas reonstrui-dos fose idéntia tanto para datos omo para Monte Carlo. Esto por supostoaseguraría unha mellor omunión entre datos e Monte Carlo, evitando unhadiferente resoluión que podería hegar a falsear o sinal do pionium.Ideouse un método para degradar lixeiramente a resoluión do Monte Carlo,introduindo unha pequena funión Gaussiana na distribuión da resoluión demomento, que a ensanhaba moi lixeiramente (0.066%). A implementaión detal degradaión lévase a abo no último estadio da análise, a través do pro-grama readnt, e por tanto a distribuión de momento vese modiada debidoa esta orreión. QL e QT tamén se ven afetadas polo efeto desta minús-ula degradaión, provoando un ambio do 2% na probabilidade de ruptura dopionium.Utilizouse un método on dúas Gaussianas para determinar on extremapreisión a resoluión da masa dos lambdas. A primeira das Gaussianas dáonta dos parámetros físios da distribuión, mentras que a segunda Gaussianafoi introduida para dar onta dunha asímetría na forma da masa reonstruidapolo axuste. Unha vez que os parámetros foron extraídos para os datos reais,foron impostos para o Monte Carlo, probando distintos valores do smearing enmomento ata que por n se dou o valor óptimo para o que as resoluións paradatos reais e Monte Carlo onordaban.
28 ResumoAntes de aometer denitivamente a análise do pionium, algúns aspetos damesma deben ser estudiados on detalle e atenión. Débese oneder espeialrelevania, por exemplo, á ontaminaión de pares K+K− dentro da mostra
π+π−, ao aliñamento de QL, á resoluión de dobre traza e ó problema do PSC(Peak Sensing Ciruit) das bras de entelleo.A ontaminaión de pares K+K− foi determinada para valores baixos ealtos do momento, mediante un estudio da masa invariante reonstruída polosdetetores upstream SFD e IH. Para resolver a ontaminaión a baixo momento,utilizouse un método que leva a abo un veto na masa do pión, orroboradopor un método alternativo que propón a parametrizaión da masa adrada enfunión duns ortes de seleión. O álulo da ontaminaión de pares K+K−levouse a abo utilizando un axuste de máxima verosimilitude, pratiado sobrefunións Gaussianas que desriben distintos pares de partíulas baixo a mesmahipótese de K− na masa negativa (brazo dereito do espetrómetro).
QL debe ser simétrio por onstruión, pero o alineamento dos detetoresupstream on respeto ás ámaras de deriva da zona downstream non sempreasegura esta araterístia. O xeito de faer QL simétrio onséguese medianteo desplazamento do brano, nunha determinada direión, que orrixe o desali-neamento existente entre estas dúas zonas do espetrómetro. Nun primeiro pasose orrixe este desalineamento de forma groseira e a ollo, pero nunha etapa naldebe faerse un alineamento moito máis no, que involura a dependenia de
QL o momento. Cando nalmente teñamos alineado QL, poderemos asegurara invariania CP.Cando os seis detetores upstream GEM/MSGC e SFD non son apaes deresolver unha traza, debido á eranía de dúas series de impatos, busamossinais de dobre ionizaión nos detetores IH, que serán apaes de determinar adobre natureza dunha traza non resolta polos detetores upstream. Falaremosen tal aso de trazas olapsadas (nunha ou noutra proxeión) ou dobrementeolapsadas, se a traza é olapsada en ambas proxeións X e Y. Datos e MonteCarlo piden distintos ortes de dobre ionizaión para distinguir entre trazasolapsadas, xa que debe rumprirse un riterio que asegure a mesma porentaxeentre trazas olapsadas e non olapsadas tanto para datos reais omo para MonteCarlo.
29A simulaión do detetor de bras de entelleo debe levarse a abo tendoen onta o problema do PSC (Peak Sensing Ciruit). Dito problema radiana imposibilidade da eletrónia de desribir de forma eiente pares π+π− amoi urtas distanias. Cando dúas bras ontiguas son atravesadas de formasimultánea por dúas partíulas, o algoritmo de reonstruión do PSC produeunha supresión de entre o 20 e o 40 por ento de tales eventos. A eletrónia dodispositivo e o seu algoritmo non poden ser reemplazados, pero si debe simularsede forma eiente semellante arenia.Os erros sistemátios involurados na determinaión da probabilidade deruptura do pionium foron tamén analizados on extremo detalle, sufrindo moitosdeles unha severa regresión na súa magnitude. Esto, xunto o inremento do30 por ento de estatístia, permitiu levar a abo a máis preisa medida davida media do pionium no seu estado fundamental, unha preisión do ∼9%,onde máis de 22000 átomos foron reonstruidos polo espetrómetro. Á súa vez,















× 10−15 s (4)Como medida de preauión levouse a abo un test χ2 para omprobar osresultados obtidos polo método de máxima verosimilitude. O resultado orro-borou o valor obtido para a vida media do pionium, on pratiamente a mesmapreisión: τ = (3.15 ± 0.20) × 10−15 s. En onseuenia, a robustez do métodode análise vese reforzada por esta onstataión.A través da relaión (1) podemos obter a medida nal da diferenia delonxitudes de dispersión da dispersión ππ:
































× 10−15 s (6)Levouse a abo un test χ2 para omprobar os resultados obtidos polo métodode máxima verosimilitude, omo medida omprobativa. O resultado onr-mou totalmente o valor obtido de forma previa, produindo un resultado: τ =















× 10−15 s (7)onde tanto as inertidumes estatístia omo sistemátia eran maiores que napresente medida. A pesares de ter en onta fontes de erro non onsideradasanteriormente, puidemos reduir o erro sistemátio nun fator 1.7, demostrandodeste xeito o grandísimo esforzo feito durante os últimos anos. O erro estatístiotamén foi reduido en ase que un fator 2, e nalmente, logo de engadir todosos erros en adratura, o erro relativo que aompaña á nosa medida previa é dun19 por ento, mentras que a presente medida ten un erro relativo menor do 9por erto, o que implia unha reduión de máis do dobre.Tendo todo isto en onta, obtemos a medida nal da diferenia de lonxitudesde dispersión da dispersión ππ:














M−1π+ (8)Esta diferenia das lonxitudes de dispersión pión-pión pode debe ser om-parada oa medida publiada anteriormente pola Colaboraión DIRAC:
|a0 − a2| = 0.264+0.033−0.020 M−1π+ (9)en relaión á al se reduiron os erros sistemátios e estatístios nun fator 2.5,tal e omo pode ser observado na Fig. (1).
33A medida atual de |a0 − a2| é totalmente ompatible oas medidas obtidaspola Colaboraión NA48/2 a través dos experimentos K3π e Ke4. A medida de
|a0 − a2| obtida por K3π é:
(a0 − a2)Mπ+ = 0.2571 ± 0.0048 (stat) ± 0.0029 (syst) ± 0.0088 (theo) (10)mentras que as medidas da diferenia de lonxitudes de dispersión ππ obtidaspolos experimentos K3π and the Ke4 de forma onxunta son:
(a0 − a2)Mπ+ = 0.2639 ± 0.0020 (stat) ± 0.0015 (syst) ± 0.0088 (theo) (11)A nosa medida atual da diferenia de lonxitudes de dispersión pión-pióninlúe a inertidume teória nos erros sistemátios, e ombinando todos os erorsdas medidas en adratura, podemos nalmente omparar os valores obtidos polaColaboraión DIRAC os obtidos polos experimentos de NA48/2. A Fig. (1)e a Táboa (1) resumen as medidas de |a0 − a2| levadas a abo por DIRAC eNA48/2, onde se pode observar o exelente aordo entre ambos experimentos ea Teoría de Perturbaións Quiral, ChPT.Medida de |a0 − a2| |a0 − a2| × Mπ+ Erro ombinadoChPT 0.2650 ± 0.0040DIRAC 0.2533 ± 0.0109
K3π 0.2571 ± 0.0104
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Figure 1: Valores experimentais de |a0 − a2| obtidos por DIRAC e por NA48/2.A liña negra disontinua representa a prediión da Teoría de PerturbaiónsQuiral, e o seu erro ven representado pola banda amarela. O valor da WorldAverage foi alulado a través da media ponderada pesada polos valores indi-viduais dos erros impliados; os dous valores proporionados por NA48/2 e amedida de DIRAC publiada en 2011.
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× 10−15 s (12)Through the pionium lifetime, the pion-pion sattering lengths dierene forIsospin I = 0, 2, |a0 − a2|, an be determined.Muh previous ativity has been devoted to the determination of the pio-nium lifetime in DIRAC, but the present work has aomplished a new sele-tion method using the upstream position detetors yielding an enhaned datasample, and a rened simulation of the detetor and trigger response. As aonsequene of the latter, a most omplete and metiulous desription of thesystemati errors involved in the lifetime measurement has been provided. Theresult has been a redution of the systemati unertainties with respet to ourprevious publiation.The pionium lifetime measurement leads to the following ππ satteringlengths dierene:














M−1π+ (13)fully ompatible with other experiments in agreement with the preditions bythe Chiral Perturbation Theory.
36 Summary
Chapter 1The DIRAC Experiment
1.1 IntrodutionThe aim of the DIRAC experiment at CERN [1℄ is to measure the lifetime ofthe π+π− hydrogen-like atom (pionium )in the ground state with 10% preision[1, 2, 3, 4, 5, 6, 7℄. This lifetime is essentially determined by the reation







α3p |a0 − a2|2 (1 + δ) (1.1)with τ1S the lifetime of the atomi ground state, α the ne-struture onstant,
p the π0 momentum in the atomi rest frame, and a0 and a2 the S-wave ππsattering lengths for isospin 0 and 2, respetively. The term δ aounts forQED and QCD orretions [12, 13, 14, 15℄. It is a known quantity (δ = (5.8 ±
1.2) × 10−2) ensuring a 1% auray for Eq. (1.1) [14℄. The ππ satteringlengths a0, a2 have been alulated within the framework of Standard ChiralPerturbation Theory (ChPT) [16, 17℄ with a preision better than 2.5% [18℄:
a0 Mπ+ = 0.220 ± 0.005, a2 Mπ+ = −0.0444 ± 0.0010 (1.2)
|a0 − a2| Mπ+ = 0.265 ± 0.004 (1.3)where Mπ+ is the mass of the harged pion. These a0 and a2 values lead to thepredition τ1S = (2.9 ± 0.1) × 10−15s.The Generalized Chiral Perturbation Theory allows for larger a-values [19℄.Model dependent measurements of a0 have been done using Ke4 deays [20, 21℄.37
38 CHAPTER 1. THE DIRAC EXPERIMENTDIRAC proposes a method to measure the lifetime of the pionium whoseunderlying idea is the following: high-energy proton-nuleus ollisions produepairs of oppositely harged pions via strong deays of intermediate hadrons.Some of these pairs form π+π− atoms through Coulomb nal state interation.One produed, the π+π− atoms propagate in the target with relativisti ve-loity. Prior to their deay into pairs of neutral pions, the atoms interat withthe target atoms. This interation exites/de-exites or breaks them up. The
π+π− pairs from the breakup exhibit spei kinematial features, whih allowtheir experimental identiation. Exitation/de-exitation and breakup of theatom ompete with its deay. Solving the transport equation for exitation/de-exitation and breakup [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34℄ leadsto a target-spei relation between breakup probability and lifetime, whih isknown at the 1% level [6, 25, 35, 36℄. Therefore, measuring the breakup proba-bility allows to determine the lifetime of pionium [26, 37, 38℄, thereby subjetingChiral Perturbation Theory to a very sensitive test.1.2 ππ SatteringThe study of ππ sattering is a lassial subjet in the eld of strong interations.The properties of the pions are intimately related to an approximate symmetryof QCD. In the hiral limit, where the masses of the quarks u and d (mu and md)vanish, this symmetry beomes exat, the Lagrangian being invariant under thegroup SU(2)R × SU(2)L of hiral rotations. The symmetry is spontaneouslybroken to the isospin subgroup SU(2)V . The pions represent the orrespondingGoldstone bosons of the theory.A seond symmetry breakup, expliit in this ase, arises from the fat thatthe quarks are not massless. The theory only possesses an approximate hiralsymmetry, beause mu and md happen to be very small. The onsequenes ofthe smallness of the symmetry breaking may be used to propose an eetiveeld theory [16℄. The various quantities of interest are expanded in powersof the momenta and quark masses. In the ase of the harged pion mass, forinstane, the expansion starts with [39℄:





Fπ is the pion deay onstant in the hiral limit,mu, md → 0. The formula showsthat the square of the pion mass is proportional to the produt of mu +md withthe order parameter 〈0|ūu|0〉. The two fators represent quantitative measures
1.2. ππ SCATTERING 39for expliit symmetry and spontaneous symmetry breaking, respetively.If the expliit symmetry breaking is turned o, the pions beome massless.The SU(2)V symmetry is then exat, so that the spetrum ontains three mass-less Goldstone bosons, while all other levels form massive, degenerate isospinmultiplets.For a given pion pair interating strongly, being r the nite size of theinteration range and k the momentum of the pion in the enter of mass frame,at low energy (kr << 1) the S-wave dominates the total ross setion. Theisospin state of a pion pair with zero angular momentum ould only be I = 0or I = 2 beause of Bose-Einstein statistis. The sattering produes a phaseshift in the wave funtion so that the sattering matrix an be parametrised interms of two phases




= 0.16, a2Mπ = −
M2π
16πF 2π
= −0.045 (1.6)where Mπ and Fπ are the mass and deay onstant of the harged pion. ππ sa-ttering at low energy is a fundamental proess for ChPT, partiularly sensitiveto the mehanism of spontaneous hiral symmetry breaking.The two low energy expressions (1.6) are valid only at tree level in a seriesexpansion in powers of the quark masses: the next-to-leading order orretionswere alulated in [17℄, and the next-to-next-to-leading order orretions in [41℄.The upshot of that analysis is that a0 and a2 are the essential low energyparameters. One these are known, the available experimental data determinethe low energy behaviour of the ππ sattering amplitude with remarkably smallunertainties.Only data suiently lose to the threshold mass of two pions an pro-vide signiant preision bounds on the sattering lengths determination. TheDIRAC experiment at CERN [1℄ uses that π+π− atoms deay into a pair of neu-tral pions through the strong transition π+π− → π0π0. Sine the momentumtransfer nearly vanishes, only the sattering lengths are relevant. DIRAC is ofpartiular interest, sine it tests the hypothesis of the quark ondensate repre-senting the leading order parameter of the spontaneously broken symmetry. Ifthe theoretial preditions should turn out to be in ontradition with DIRACoutome, the ommonly aepted piture would require a thorough revision.
40 CHAPTER 1. THE DIRAC EXPERIMENT1.3 QCD Standard Model and ChPTThe non-perturbative regime of the strong setor of the Standard Model (Quan-tum Chromo Dynamis, QCD) presents a formidable hallenge at low energies(E < 1GeV ), due to our limited alulation apability. A solution for thisinonvenient is the replaement of the fundamental QCD Lagrangian with aneetive one. Chiral Perturbation Theory (ChPT) is an eetive eld theoryintrodued in the late seventies [16℄ and soon thereafter developed [42, 43℄ intoa powerful tool able to overome the mentioned limitation. At the ost of aertain number of free parameters to be determined from experimental data,ChPT an quantitatively aount for eets due to mesons struture and formfators. Quantitative preditions on low energy proesses involved in StandardModel tests are in general dependent on the orretions provided by ChPT and,as a onsequene, the interpretation of possible traes of new physis in the on-nement regime requires ChPT. Measurements testing the oherene of ChPTand its assumptions are of fundamental importane.The most preise determination of the pionium sattering lengths diereneis ahieved using a ombination of the Chiral Perturbation Theory at two loopsand the Roy equations [44℄. In ChPT the quark ondensate 〈0|q̄q|0〉 determinesthe relative size of mass and momentum terms in the perturbative expansion.The value of this fundamental parameter must be determined experimentally.ChPT relates the quark ondensate to S-wave ππ sattering lengths in isospinstates I = 0 and I = 2, a0 and a2, whih are predited with 2% preision[45℄ through Eq. (1.4). The Roy equations determine the ππ sattering ampli-tude in terms of the imaginary parts at intermediary energies, exept for twosubtration onstants: the S-wave sattering lengths a0, a2. At low energies,the ontributions from the imaginary parts are small, as well as the urrentexperimental information about these sues, but the ontributions about thesattering lengths is subjet to omparatively large unertainties.Chiral symmetry does not fully determine the higher order ontributions,beause it does not predit the values of the oupling onstants appearing inthe eetive Lagrangian. There are two ategories of oupling onstants: termsthat survive in the hiral limit and symmetry breaking terms proportional toa power of Mπ. The former show up in the momentum dependene of thesattering amplitude, therefore these ouplings an be determined phenomeno-logially. For the oupling onstants of the seond ategory, whih desribe thedependene on the quark masses, we need to rely on experimental input souresother than ππ sattering. A detailed disussion an be found in [19, 46℄.























2 (1.8)In ontrast to salar QED, one is onerned here with two oupled hannelsof non-relativisti partiles, π+π− and π0π0, whih are separated by a mass gap
Mπ −Mπ0 << Mπ. As a result of this, the ground state of pionium dominantlydeays into π0π0, while its deay into γγ is suppressed by a fator ∼ 4×103 [8℄.1.5 Pionium ProdutionOppositely harged pions emerging from a high energy proton-nuleus ollisionmay be either produed diretly from the nuleus fragmentation or stem fromintermediate hadron resonanes. These resonanes an be lassied into "short-lived" and "long-lived" soures, attending to their deay path length, omparedto the Bohr radius of the pionium, aπ = 2/(Mπα) = 387.5 fm.
• The "long-lived" resonanes have a lifetime long enough to y a distanemuh larger than the Bohr radius of the pionium, as happens to Λ, KS0and η, whih present deay path lengths of 7.89 m, 2.2 m and 1.7 Å,respetively. The pions from these resonanes will not form bound stateswith other pions oming from resonanes of very short lifetime.
• The "short-lived" resonanes exhibit a deay path length very small om-pared to the pionium Bohr radius. The Coulomb interation betweenpions oming from these resonanes an establish a orrelation, inreasingthe double inlusive ross setion, allowing the formation of bound states.1The pionium is only produed in S states, sine the wavefuntion in other states happensto be zero at the origin for higher values of l (l > 0)
42 CHAPTER 1. THE DIRAC EXPERIMENTAfter the interation, a spetrum emerges with dierent types of π+π− pairs,with well dierentiated harateristis, as shown in Figs. (1.1, 1.2,1.3, 1.4):
• Atomi pairs (AT). These π+π− pairs ome from the pionium ionization.
A2π
pFigure 1.1: Atomi pairs reation diagram.





Figure 1.2: Coulomb pairs reation diagram.




Figure 1.3: Non-Coulomb pairs reation diagram.
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(~r∗) is the ontinuum eigenstate of the hydrogenlike hamiltonianwave funtion and 2~k∗ ≡ ~q with ~q being the relative momentum of the π+ and
π− in the .m. system2. |ΨC
−~k∗
(~r∗)|2 desribes the Coulomb orrelation and2For the sake of larity we use the symbol Q for the experimentally reonstruted and qfor the physial relative momentum.
44 CHAPTER 1. THE DIRAC EXPERIMENTat r∗ = 0 oinides with the Gamow-Sommerfeld-Sakharov3 fator AC(q) with

































= kth(q0) (1.12)Eq. (1.12) denes the theoretial k-fator. Throughout this thesis we willuse q0 = 2MeV/c and kth(q0) = 0.615.In order to aount for the nite size of the pion prodution region and ofthe two-pion nal state strong interation, the squares of the Coulomb wavefuntions in Eqs. (1.9) and (1.10) must be substituted by the square of theomplete wave funtions, averaged over the distane ~r∗ and the additional on-tributions from π0π0 → π+π− [50℄. It should be notied that these orretionsessentially anel eah other in the k-fator (Eq. 1.12) and lead to a orretionof only a fration of a perent. Thus nite size orretions an be negleted for
kth.For a Ni target and a 24 GeV/ proton beam, ∼ 7×10−7 atoms are produedper proton interation, of whih, only ∼ 1 × 10−9 are detetable in the experi-ment, due to momentum and angular aeptane of the DIRAC apparatus.
3AC(q) fator establishes the Coulomb interation of the pairs, disovered by Gamow-Sommerfeld and Sakharov. We refer to Coulomb fator to unify the nomenlature.
1.6. PROPAGATION INSIDE THE TARGET 451.6 Propagation Inside the TargetThe method for observing pionium atoms and measuring its lifetime has beenproposed in [38℄. Pairs of π+π− are produed mainly as unbound ("free") pairs,but sometimes also as pionium. One produed, the pionium atoms propagatein the target with relativisti veloity (average Lorentz fator γ ≈ 17 in ourase) and may annihilate into two neutral pions or interat with target atoms,whereby they beome exited/de-exited or break up. Figs. (1.5, 1.6, 1.7) showthe possible interations to be suered by the pionium.
Figure 1.5: Pionium annihilation diagram.
Figure 1.6: Pionium exitation diagram.
Figure 1.7: Pionium breakup diagram.
46 CHAPTER 1. THE DIRAC EXPERIMENTThe π+π− pairs from breakup (atomi pairs) exhibit spei kinemati fea-tures whih allow to identify them experimentally [38℄, namely very low rela-tive momentum q and qL (the omponent of ~q parallel to the total momentum
~p+ + ~p−) as shown in Fig. (1.8). After breakup, the atomi pair traverses thetarget and, to some extent, loses these features by multiple sattering, essen-tially in the transverse diretion, while qL is almost not aeted. This is onereason for onsidering distributions in QL,T as well as in Q when analyzing thedata.
Figure 1.8: Relative momentum distributions (q, qL) for atomi π+π− pairs atthe breakup point and at the exit of the target. Note that qL is almost not aetedby multiple sattering in the target.





48 CHAPTER 1. THE DIRAC EXPERIMENTAs explained before, the total number of produed π+π− atoms is related byan exat expression to the number of free pion pairs with low relative momenta,so the breakup probability an be measured with DIRAC experimental method.
Figure 1.9: Breakup probability as a funtion of pionium lifetime for Nikeltargets with thiknesses of 94 µm and 98 µm. Only the 24 Gev/ proton beammomentum is shown here.
1.8. THE NA48/2 EXPERIMENT 491.8 The NA48/2 ExperimentThe NA48/2 experiment at CERN [52℄ has been in the rae for the |a0 − a2|determination, simultaneously to DIRAC. In the NA48/2 faility, Kaons areprodued by impinging 400 GeV protons from the SPS on a Beryllium target,then deay strongly via the reation K± → π±π+π− or in a semileptoni wayby means of the breakdown K± → π+π−e±ν.In the former ase the pion sattering lengths are extrated from the phaseshift, requiring the use of Roy equations [44℄. In addition to a 2 parameter twith the pion sattering lengths a0 and a2 as free parameters, the UniversalBand approah, orresponding to a 1-dimensional t of the phase shift with axed relation between a0 and a2, is also applied. Supplementary onstraintsfrom ChPT and isospin breaking are invoked to determine the pion satteringlengths.In the latter ase, one has to fae one more disadvantage. The measurementof the ππ phases in the range ∼[300, 400℄ MeV/2 needs a model dependent ex-trapolation method to obtain the ππ sattering lengths in the pion-pion systemat rest. Therefore measurements arried out in both ases present undesira-ble model-dependeny and might never be as reliable as those performed byDIRAC.The latest results provided by the NA48/2 experiment will be disussed inChapter (7), omparing them with those obtained by the DIRAC Collaboration.
50 CHAPTER 1. THE DIRAC EXPERIMENT
Chapter 2The DIRAC Experimental SetupThe main features of the DIRAC apparatus an be found in Ref. [2℄. In thishapter we will follow literally the narration of the mentioned soure, pay-ing speial attention to those detetors made entirely by the ExperimentalHigh Energy Physis Group (GAES) of the Galiian Institute of High EnergyPhysis (IGFAE) of the University of Santiago de Compostela: the VH andthe GEM/MSGC detetors. Some tehnial harateristis will be intentionallyomited, sine they do not ontribute to the omprehension of the present work.In addition, some aspets unreported in [2℄ will be addressed here, suh as theT0, T2 and T3 trigger. The hapter will onlude with a historial review ofthe Kπ atom detetion.2.1 Tehnial CharateristisThe DIRAC experiment is designed to detet oppositely harged pion pairsof a low relative enter-of-mass momenta with high preision. The DIRACspetrometer onsists of a magneti double arm spetrometer plaed at a 24GeV/ extrated proton beam of the CERN PS, impinging on a 94 or 98 µmthik Nikel target. The spetrometer setup is shown in Figs. (2.1) and (2.2).A detailed desription an be found in [2℄. Sine its start-up, DIRAC hasaumulated about 22000 atomi pairs.The proton beam intensity during data taking was 0.9 × 1011 per spill witha spill frequeny of 400÷450 ms. The beam line was designed to keep thebeam halo negligible [53℄. The beam intersetion with the target plane revealsa Gaussian shape in the transverse and horizontal planes. The horizontal andvertial widths of the beam spot were σhor = (0.80 ± 0.08) mm and σvert =
(1.60 ± 0.07) mm [54℄. 51

















Figure 2.1: Shemati top view of the DIRAC spetrometer. Upstream of themagnet: Target, Mirostrip Gas Chambers (GEM/MSGC), Sintillating FiberDetetors (SFD), Ionization Hodosopes (IH) and iron shielding. Downstreamof the magnet: Drift Chambers (DC), Vertial and Horizontal Hodosopes (VH,HH), gas Cherenkov Counter (Ch), Preshower detetors (PSh) and, behind theiron absorver, Muon detetors (Mu).The targets we report here were 94 and 98 µm thik Ni foils, orrespondingto a nulear interation probability of ∼ 6.4× 10−4 [55℄ or 6.7× 10−3 radiationlength. The transverse dimensions of the irular targets (4.4 m diameter) weresuient to fully ontain the proton beam and to exlude possible interationsof the beam halo with the target holder.The spetrometer axis is inlined upward by 5.7o with respet to the protonbeam. Partiles produed in the target propagate in a vauum pipe to theupstream (with respet to the magnet) detetors. Afterward they enter intoa vauum hamber whih ends at the exit of the magnet. The exit window ismade of a 0.68 mm thik Al foil. The angular aperture is dened by a squareollimator and is 1.2 msr (±1o in both diretions). DIRAC is equiped witha entral dipole magnet whose eld is B=1.65 T and with a bending power
BL=2.2 Tm, apable to separate positively and negatively harged partiles:positive (negative) partiles are deeted to the left (right).The upstream detetors are 2.5 to 3 m away from the target and over an areaof roughly 10×10 m2. There are three upstream detetors: the Mirostrip GasChambers (GEM/MSGC), the Sintillating Fiber Detetor (SFD) and the Ioni-zation Hodosopes (IH). After the magnet, in the downstream region, the two
2.2. SPECTROMETER PERFORMANCE 53
Figure 2.2: Isometri artisti view of the DIRAC experimental setup.arms of the spetrometer are identially equipped with Drift Chambers (DC),the Vertial Hodosopes (VH), the Horizontal Hodosopes (HH), the thresholdCherenkov detetors (Ch), the Preshower detetor (Psh) and the Muon detetor(Mu).2.2 Spetrometer PerformaneThe momentum range overed by the spetrometer is 1.2 ÷ 8 GeV/. Therelative resolution on the lab-momentum is dominated by the multiple satteringdownstream the vertial SFD detetor and the spatial resolution of the drifthambers. While the former leads to a momentum independent resolution, thelater aleads to a slight inrease with momentum. Studies of the Λ signal in
π−p trak pairs [56℄ result in σ(p)/p = 2.8 × 10−3 inreasing to 3.3 × 10−3at 8 GeV/ (Figs. (4.12) and (4.14)). The resolutions on the relative .m.momentum of π+π− pairs from atomi break up, ~Q = (QX , QY , QL), are in theplane transverse to the total momentum ~pLabπ+π−, σQx ≈ σQY ≤ 0.49 MeV/ and
54 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPlongitudinally σQL = 0.50 MeV/ [57℄1. The setup allows to identify eletrons(positrons), protons with p ≤ 4 GeV/ (by Time-Of-Flight) and muons (f.Fig. 23 in [2℄). It annot distinguish π- from K-mesons, but kaons onstitute anegligible ontamination [58, 75℄. This ontamination will be studied in setion3.9.The trigger system [59℄ redues the event rate down to a level aeptable forthe data aquisition system. The on-line event seletion keeps almost all eventswith QL < 22 MeV/, QT = √Q2x + Q2y < 10 MeV/ and rejets events with Q ≥15 MeV/ progressively [60℄. In the rst level trigger [61℄ a oinidene of VH,HH and PSh signals and antioinidene with Ch signals in both arms is treatedas a pion-pair event. A ondition on the HH of the positive and negative arms,
|HH1 − HH2| ≤ 2 slabs, rejets events with Qy > 10 MeV/. Fast hardwareproessors [59, 62, 63, 64℄ are used to derease the rst level trigger rate by afator 5.5. The trigger rate in standard onditions was around 700 per spill.The trigger aepts events in a time window ±20 ns with respet to the positivearm and thus allows for olleting also aidental events. The trigger systemprovides parallel aumulation of events from several other proesses needed foralibration suh as e+e− pairs, Λ → pπ− or π±π+π− nal states.Dead times were studied in a run with 30% higher intensity than nominaland depend on the average beam intensity as well as on the miro duty yleof the beam. An overall dead time of 33% was found for triggers and dataaquisition, with an additional 10% due to front-end eletronis [65℄. At normalintensities, dead times are lower. Biases due to dead times ould not be found.When seleting data oine for further analysis, some run periods have beeneliminated, those where problems with detetors, spill struture or miro dutyyle were found.The full setup, inluding detetors, detetor responses, read-outs, triggersand the magnet has been implemented into the detetor simulation DIRAC-GEANT [66℄ and into the DIRAC analysis pakage ARIANE [67℄ suh thatsimulated data an be treated in the same way as real measurements.
1A momentum dependene of ∼ 0.016[MeV/c]× pLab
π+π−
(p in GeV/) is inluded in thesenumbers
2.3. THE GEM/MSGC DETECTOR 552.3 The GEM/MSGC DetetorThe University of Santiago de Compostela has been responsible for the onep-tion [1℄ and full onstrution of this detetor. The GEM/MSGC detetors ofDIRAC are the rst ative planes of the spetrometer, at a distane of 2.4 mfrom the target foil. The four planes take part of the upstream traking pro-edure of the experiment, developing the main task of diret measurement ofpartile trajetories upstream the magnet. Its exellent spatial resolution allowsto improve the double trak resolution for lose lying traks.The DIRAC GEM/MSGC hambers are gas detetors working in propor-tional mode based on the priniple of the Gas Eletron Amplier (GEM) [68, 69℄,omplemented with a seond ampliation and readout stage provided by Mi-ro Strip Gas Chambers. Eah hamber has ative an area of 10.24 ×10.24m2, and its ative gas volume is limited by two planes, a drift eletrode anda mirostrip sensor plane. A GEM foil is plaed between them, evenly spaedfrom the other two with an uniform gap of 3 mm, as indiated in Fig. (2.3).
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Figure 2.3: Layout of the GEM/MSGC detetor.The drift eletrode is made of a Chromium-oated thin glass (200 µm)methalized in one side onneted to a negative voltage. The GEM is a kap-ton lm of 50 µm double-sided methalized with 4 µm of Cu. It presents aperforated pattern with 80 µm diameter holes, 140 µm apart from eah other.
56 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUP
Figure 2.4: Photography of the three detetors installed upstream the magnet,between the rst vauum hamber (right-hand side) and the seondary partilehannel. From right to left, the GEM/MSGC, SFD and IH detetors an befound. The primary proton beam line an be appreiated at the bottom.The mirostrip plane onsists of alternating Chromium strips mounted overa subtrat DESAG D263 of 300 µm thik ioni glass. Anodes are 9 µm wide,athodes 100 µm and pith between anodes is 200µm. In the bottom side ofmirostrips plane a methali lm is used as eletrode (bakplane).The planes are mounted on a Stesalit frame hemially inert with respetto the gas admixture. The gas used for operation is an admixture with Argonand Di-metil-eter (DME, C2H6O) in a 60/40 proportion. The entry hole in theframe of the detetor has a diameter greater than the output one, ensuring alight overpressure neessary for detetor operation.With the introdution of the GEM foil a potential dierene of ∼ 400 V isapplied between the two metal layers with an ampliation by a fator of 30,the primary eletrons signal beomes doubly amplied, allowing lower values ofHigh Voltage (HV) and onsequently a more stable operational mode.A primary eletron produed in the rst gas volume, dened by the driftplane (with applied voltage of ∼ 400 V) and GEM, will ionize the atoms ofthe gas produing an initial eletron avalanhe when entering the GEM eletrield. At a later stage, a new multipliation takes plae in the region next to
2.3. THE GEM/MSGC DETECTOR 57the mirostrips. The eletrons produed in the avalanhe are olleted by theanode (ground) nearest to the position of original eletron.Eletrons are atrated by the positive eletri eld of the strips, developinga seond avalanhe, so eletron signal beomes doubly amplied. The loud ofpositive ions tends to luster around adjaent athodes, with applied voltage of
∼ −3000 V. An overall detetor gain of approximately 3000 is ahieved. HVvalues are limited by sparks inside the gas volume, that may our when theharge olleted by the strips is over a threshold value, usually produed underhigh partile irradiation onditions.The GEM/MSGC measures partile oordinates in 4 planes along the di-retion of the inoming partile: X, Y, XP, YP, with orientations 0, 90, 5, 85degrees, respetively, where the 0 degrees are dened by mirostrip disposedvertially (X-oordinate). The distanes to the target plane in Z oordinatesare 2.246, 2.338, 2.464 and 2.502 m. The stereo angles allow resolution of ghostambiguities for two or more partiles. With a single-hit spae resolution lose to50 µm, this detetor provides a preise measurement of the pion pair openingangle, ultimately limited by multiple sattering in the thin target. The fourplanes installed in the DIRAC spetrometer an be seen in Fig. (2.4).The GEM/MSGC permits to redue the eet of the multiple sattering inthe target foil. It performs a diret measurement of the transverse momen-tum (QT ) by measuring the distane between π+ and π−. Together with theSintillating Fiber Detetor (SFD), to be desribed in next setion, it also a-llows to improve the resolution of the longitudinal omponent QL, by providingthe impat point at the magnet entrane. Beause of its standalone trakingapability with stereo angles, it also monitors the beam position oordinates.GEM/MSGC's allows to resolve traks with the same hit in SFD, improvingdouble trak resolution form 4 mrad to 0.4 mrad. The preise spatial reso-lution from GEM/MSGC together with TDC information from SFD allows aneetive rejetion of bakground partiles rossing the detetors from seondaryinterations or partile deays along the hannel. As an additional merit, theydo not aet negatively to the global setup, adding a low quantity of matterand being pratially transparent to the radiation.Single hit resolution was determined by setting 4 GEM/MSGC planes paral-lel to eah other, all measuring the same oordinate. The resolution was denedusing in eah ase 3 detetors to dene the trak, and typial vales of 54 µmwere found, as shown in Fig. (2.5). The average eieny for a standard dete-tor is 90%. When at least 4 signals among 6 detetors are required to onstruta trak, this is suient to provide 97% overall upstream traking eieny.
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Figure 2.5: Spae resolution of the GEM/MSGC detetor measured in a dedi-ated beam-test with 4 planes parallel to eah other. Please notie the inueneof the multiple sattering in the detetor resolution.2.4 The Sintillating Fiber DetetorThe Sintillating Fiber Detetor (SFD) is used together with the GEM/MSGCdetetor, for upstream traking, and provides topologial trigger apabilities[70℄ for rejetion of pairs with relative distane larger than 9 mm. It an alsoapture time information for trigger purposes.The SFD onsists of two perpendiular ber planes to measure the X andY oordinates of inident partiles2, as the deposited energy from the partilesis transformed into light. Every single ber is built in a nuleus of sintillating2A third upgraded SFD-U plane rotated 45o relative to X and Y was added for 2002 and2003 periods.
2.4. THE SCINTILLATING FIBER DETECTOR 59material surrounded by a oating with a lower refration index, allowing thetotal reexion phenomenon for a solid angle given by:
Ω = 2π(1 − n2/n1) (2.1)where n1 and n2 are the refration index of the sintillating material and theoating, respetively. The light produed by an inident partile will be retainedin the ber with a high probability, one the total reexion is produed.The SFD overs a 105×105 mm2 area. Eah detetor plane is omposedof 240 olumn hannels with 440 µm pith, onsisting of a stak of 5 bers indepth, measuring eah one from 70 to 150 mm, as seen in Fig. (2.6). Fibersforming one sensitive olumn are onneted via a light guide into one hannel ofposition-sensitive photomultiplier (PSPM), with a total of 15 photomultipliersof 16 hannels eah.
Figure 2.6: The SFD prinipal struture. A 16-hannel fragment is shown.A dediated eletroni iruit Peak Sensing Ciruit (PSC) has been ustomdeveloped to provide signal disrimination with dynami rejetion of ross-talkin adjaent hannels using the peak-sensing tehnique [71℄. Disrimination ofa hannel is given by the ondition 2Ai − Ai−1 − Ai+1 > Athr, where Ai arehannel signal amplitudes and Athr denes the threshold value.For time orrelated partile pairs (up to ∼ 5 ns time dierene) with dis-tane more than one ber pith, the PSC algorithm provides eient detetion,avoiding ross-talk and rejeting noise. However, when adjaent ber olumnsare rossed by two partiles simultaneously, then the PSC algorithm leads to asuppression (with 50% probability) of the deteted yield of double trak events,and one of the hits is lost. For time dierene greater than 5 ns the PSC behavesas an ordinary leading edge disriminator.
60 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPThe level of optial ross talk among the PSPM hannels due to esapeof ultraviolet light from one ber olumn to the adjaent one, together withnoise was found to be ∼2%. Readout supplies time information in digital formTDC. The detetion eieny is high (larger than 97% as we shall see) andthe average hit multipliity is near 5 in the 50 ns time window of TDC. Eahdetetor ber is equipped with a TDC hannel whih provides time taggingessential for upstream traking. The raw time spetra, obtained from e+e− and
π+π− events, are shown in Fig. (2.7) for two arbitrary SFD hannels. After o-line deonvolution of the trigger time jitter the resolution of the SFD is foundto be σ=0.8 ns, obtained for e+e− triggers. Single trak resolution is dened bythe ber olumn pith of 440 µm.
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Figure 2.7: SFD raw time spetra for e+e− (left) and for π+π− (right) triggerdata. The horizontal sale is in TDC hannels, the hannel width is 0.5 ns.2.5 The Ionization HodosopeSine harged pions originated from pionium breakup ross the upstream de-tetors at rather small relative distanes, a dediated Ionization Hodosope[72℄ has been built to separate the double ionization signal produed by losepion pairs inident on the same sintillating slab, from single ionization signalsprodued by one partile. This way, unertainties resulting from pairs with
2.5. THE IONIZATION HODOSCOPE 61relative distane less than the double trak resolution are signiantly redued.In addition, the IH takes part of the trigger system of DIRAC, to be desribedin setion (4.2.3).The IH detetor is a sintillation hodosope onsisting of 4 planes of 11×11m2 sensitive area (Fig. 2.8) plaed 3 m downstream the target. Two planes(X-A and X-B) are vertially oriented, and the other two (Y-A and Y-B) arehorizontally oriented, shifted by a half-slab-width to mutually over the gapsbetween slabs. Eah plane is assembled from 16 sintillating plastis. The slabsare 11 m long, 7 mm wide and 1 mm thik. They are onneted to the PMphotoathodes via 2 mm thik and 7 mm wide luite light guides.
Figure 2.8: Design and isometri view of the IH sintillation plane (1.− sin-tillators, 2-− light-guides, 3.− photomultipliers).The front and rear surfaes of a slab are overed by a millipore lm [73℄ foreient light olletion. At the lateral surfae of the slab, light is reeted by a30 µm mylar lm in order to minimize the gaps between adjaent slabs, whihis less than 70 µm wide.Sintillation light is deteted by photomultipliers. The photoathodes arein optial ontat with the wide side of a light guide instead of the traditionalbutt-end readout, improving the light olletion eieny.Signal amplitude and time are digitized by ADC and TDC modules, respe-tively. The time resolution of the IH detetor is better than 1 ns. The typialresponse of one IH hannel to lose partile pairs inident on one sintillatingslab and to single partile is shown in Fig. (2.9). If a threshold is set to retain95% of the double ionization signal from pairs, the ontamination from singlepartile amplitudes is less than 15% (Fig. 2.10).
62 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUP
ADC counts













Figure 2.9: Typial ADC spetra for single (solid line) and double (dashed line)ionization loss from partiles rossing one IH sintillating slab.
Losses of double amplitudes

























Figure 2.10: Contamination of single ionization amplitudes as a funtion oflosses of double ionization as obtained from the analysis of the spetra of Fig.(2.9).
2.6. THE MAGNET 632.6 The MagnetThe magnet is loated 8.3 m away from the target, and separates positiveand negative partiles oming from upstream, onverting the spetrometer in adouble-arm telesope. The two downstream arms are plaed at ±19o relativeto the entral axis. The magneti eld (B =1.65 T, bending power BL =2.2Tm) has been parametrized. The dipole magnet has an aperture of 1.55×0.50m2 (W × H) and measures 0.5×1.5×1.1 m3. To redue the stray eld, twomagneti sreens are xed near its entrane and exit.2.7 The Drift ChambersThe drift hamber system is used to perform partile traking downstream thedipole magnet. These are gas detetors with a periodi ell struture givingspatial and timing (by means of the drift time) information, used also in theT4 trigger level.Despite the hoie of a two-arm solution, the rst hamber (DC-1) oversboth left and right arms of the spetrometer (see Fig. (2.1)) and it is designedwith two separated sensitive areas. This hamber provides 6 suessive measure-ments of the partile trajetory along the oordinates X, Y, W, X, Y, W, whereW is a stereo angle with inlination 11.30 with respet to the X-oordinate.
Figure 2.11: Shemati view of the wire hamber eletrodes: AW  anode wires,
PW  potential wires, C  athode foils. Dimensions are in mm.Eah of the two arms onsists of 3 hamber modules, of idential design,measuring oordinates X,Y (DC-2), X, Y (DC-3) and X, Y, X, Y (DC-4) follo-wing the diretion of the outgoing partile. The dimensions of the DC modulesare 0.8×0.4 m2 for eah DC-1 sensitive area, 0.8×0.4 m2 for DC-2, 1.12×0.4 m2
64 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPfor DC-3, and 1.28× 0.4 m2 for DC-4. DC-1 is instrumented with 800 eletronihannels, and both arms together ontain 1216 eletroni hannels.The distane between the enter of the rst half of DC1 and the enterof DC4 provides a lever-arm of 1.6 m along the average partile path, havinguniform spaing of hambers DC-2 and DC-3 along this path. Six measurementpoints, together with the 1.6 m lever arm, allow to aurately reonstrut thedownstream traks.A shemati drawing of the sensitive element is shown in Fig. (2.11). As seenin the gure, a sensitive area, orresponding to eah anode wire and limited bythe athode planes and potential wires, has a square (10× 10 mm2) shape. Ca-thode plane foils provide stable hamber operation and add only small amountof material along the partile path. A rather large diameter of the anode wireshas been hosen in order to operate the hambers at high urrent avalanheampliation mode.The hamber design is shown in Fig. (2.12) for the ase of the DC-2 module.The module is a stak of aluminium and berglass frames xed by srews withrubber o-rings glued to provide gas tightness.
Figure 2.12: Design of the DC-2 module. Top: general view. Bottom: strutureof the frame stak; X  X-plane, Y  Y -plane, C  athode foils.
2.7. THE DRIFT CHAMBERS 65The design of module DC-1 diers from the former DC-2 desription. Themain dierene, illustrated in Fig. (2.13), onsists of the DC-1 omprising, ina single gas volume, two sets of sensitive planes, plaed symmetrially to theleft and right hand side of the spetrometer axis. The middle zone, stronglyirradiated, is built insensitive to the partile ux. The limiting edge of thesensitive zones an be varied. This design of the DC-1 module ensures littleamount of material, by avoiding frames in the small angle region.The readout eletronis of the drift hambers, whih is a ustom-made sys-tem [74℄, provides data transfer into the buer olletion memories and input tothe trigger proessor. The sensitive wire signals are digitized by TDC ounters,whih are plugged in the onnetors mounted onto the hamber frames, and aresubsequently linked to the Drift Chamber Proessor (DCP) and VME buermemory. This solution results in redued number of eletroni units, small num-ber of ables and high noise immunity. The data of an event are stored in loalbuers until the higher level trigger deision is issued.
Figure 2.13: Shemati view of the DC-1 module. Dotted areas show the sen-sitive regions of the X-, Y - and W -planes. Hathed areas mark the zones ofthe athode strips whih allow to hange the width of the insensitive area in theentral region.
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Figure 2.14: Distribution of the drift time (left upper) and its integral spe-trum (lower), horizontal sale is in TDC hannels, bin width is 0.5 ns. On theright-hand side distribution of dierenes between the measured and preditedX-oordinate is displayed. Plots from X4 plane.The oordinate resolution of the DC system is also illustrated in Fig. (2.14),where the distribution of dierenes between the predited and measured o-ordinates in one of the planes is shown (X4-plane right arm). The measuredstandard deviation, σ = 100 µm, is dened not only by the intrinsi hamberplane resolution, but also by the auray of the predited trak oordinates.Taking the latter into aount the measured intrinsi spae resolution of oneplane is better than 90 µm.
















Accidental Pairs Long-lived Pairs
Figure 2.15: Time dierene between harged positive and negative partilesobtained from standard hadron trigger data. The entral peak has a Gaussianwidth of 193 ps, and the shaded area represents a 2σ ut used to selet prompt ππevents. The at bakground is originated from aidental pairs, not belongingto the same beam interation. Note the shoulder on the right-hand side of thepeak, due to π−p prompt pairs.
68 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPThe vertial array of sintillation ounters is used, in orrelation with otherdetetors, in the denition of dediated triggers for alibration purposes and in ahigher level trigger for the seletion of low Q events (see trigger setion). A keyfuntion of this detetor, whih motivated its speial design, is to provide a veryaurate time denition of pion pairs originated from the same proton-nuleusinteration (prompt pairs), in order to perform a lean separation (in o-lineanalysis) with respet to pairs formed in separate proton-nuleus interations(aidental pairs). Used as a Time-Of-Flight detetor it also allows to identify
pπ− pairs in prompt pairs, as they might onstitute a signiant soure ofbakground to the π+π− signal.
=174 psσ












0Figure 2.16: Time dierene spetrum for e+e− pairs deteted by the vertialhodosopes, after path length orretion. Data ome from e+e− triggers.The VH single-hit detetion eieny is 99.5% for the positive, and 98.8%for the negative hodosope arms. In Fig. (2.15) the distribution of the timedierene between positive and negative pions in the spetrometer is shown,where two distint regions are learly seen. The events in the peak orrespondto the π+π− prompt pairs that enter the VH in time oinidene, and apart froman small fration, they represent the π+π− pairs oming from the ionizationin the target or from short-lived resonanes. The region out of the peak ispopulated by aidental π+π− pairs oming from dierent interations or long-lived resonanes, whih do not enter the VH detetor in time oindidene.The observed ratio between prompt and aidental pairs in the 2σ ut regionaround the peak is about 16. The overall time resolution of the system has beenmeasured with e+e− pairs to be 127 ps per ounter [75℄, whih orresponds to
2.9. THE HORIZONTAL HODOSCOPES 69174 ps resolution for the time dierene between positive and negative arms(Time-Of-Flight resolution). The latter is shown in Fig. (2.16). The dediated



































Figure 2.17: Correlation between the measured momentum of the positive par-tile and the VH time dierene between the positive and negative spetrometerarm, taking into aount the orretion for the dierene in path length. Theaumulation bands orrespond to π−π+ (vertial band) and π−p (urved band)pairs.This timing apability allows to separate π+π− from π−p pairs in the mo-mentum range from 1 to 5 GeV/, and from π∓K± pairs in the range from 1 to2.5 GeV/, as illustrated in Fig. (2.17).2.9 The Horizontal HodosopesThe horizontal hodosope (HH) system is similar to the VH in its design andimpliation on the denition of the rst level trigger. In addition its response isused to apply a oplanarity riterion for triggering pairs hitting both detetor
70 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUParms. This trigger requirement selets oppositely harged partiles with relativevertial displaement, ∆y, less than 7.5 m. Its response is used to selet eventswith small relative angle in the Y diretion, and to support the reonstrutionwith spatial trak information.The HH is also separated into two arms, eah overing an area of 40×130m2. Eah hodosope onsists of 16 horizontal extruded sintillating slabs ofdimensions 130×2.5 m2, with a thikness of 2.5 m. Both ends of eah slabare oupled to speially shaped light-guides as illustrated in Fig. (2.18). Withthese speiations the oplanarity requirement orresponds to ∆y = 2 slabsmaximun.The photomultipliers are equipped with a voltage divider allowing highounting rate apability. The front-end eletronis system is the same as thosefor the vertial hodosopes. The single hit detetion eieny of HH is greaterthan 96.6 % on both arms, and the time resolution is 320 ps.
Figure 2.18: General layout of the horizontal hodosopes.2.10 The Cherenkov CountersA pair of Cherenkov threshold detetors provides the strong e/π separationapability needed by the experiment. This detetor is essential for rejetion ofthe main bakground of eletron-positron pairs from photon onversion, Dalitzpairs, and to a minor extent from resonane deays. It is used in the rst level
π+π− main trigger, in the alibration trigger to selet e+e− pairs and its signalsare available for oine analysis.
2.10. THE CHERENKOV COUNTERS 71The Cherenkov radiation ours when the veloity of a harged partileexeeds the veloity of light in a dieletri medium, usually a gas, and it polarizesatoms resulting in emission of oherent radiaton. DIRAC's Cherenkov detetoris strutured in two idential threshold Cherenkov ounters [76℄, eah overingone spetrometer arm (Fig. 2.19). The radiator gas is enlosed in a volumedened by the entrane and exit windows, with dimensions 143×56 m2 and336×96 m2, respetively. The hosen radiator is N2 at normal temperatureand pressure (θc = 1.4◦) and the ounter length is 285 m. Eah ounteris equipped with 20 mirrors and 10 photomultipliers arranged on two rows.Cherenkov light reeted by pairs of adjaent mirrors is foused onto the samephotomultiplier. The analog signals from the PM are fed into two ustom-madesumming modules, disriminated and used for trigger purposes.
Figure 2.19: The far end part of the DIRAC setup, omprising thresholdCherenkov ounters (Ch), preshower detetor (PSh), iron absorber (Fe) andmuon ounters (Mu).A single photoeletron peak is learly observed in all hannels as shown inFig. (2.20), where we an see the ADC spetra from pions (a) and from singleeletrons (b). The number of photoeletrons deteted by eah ounter is shownin Fig. (2.21), and from it we infer that both ounters have an eieny greaterthan 99.8% when operated at a threshold slightly less than 2 photoeletrons.
72 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUP
Figure 2.20: ADC spetrum from one Cherenkov photomultiplier: (a) spetrumfrom pions (pratially equal to the ADC pedestal distribution), (b) amplitudesignal from single photoeletron, () spetrum from eletrons.
Figure 2.21: Distribution of the number of photoeletrons deteted from the (a)positive and (b) negative Cherenkov detetor arms.The pion ontamination above the detetion threshold is estimated to beless than 1.5%. Suh ontamination arises from pions with momenta above theCherenkov threshold and from aidental eletron oinidenes ourring withinthe trigger time-window. A general piture of the installed detetors desribedso far, looking into the magnet, with the Cherenkov ounter in rst plane, anbe appreiated in Fig. (2.22).
2.11. THE PRESHOWER DETECTOR 73
Figure 2.22: General piture of the spetrometer installed downstream the mag-net, taken from a referene plane lose to the Cherenkov ounters, whih an beappreiated in the bottom part of the piture. The magnet an be seen at the farend, and in between we see the vertial and horizontal hodosope photomultiplierlayout. The drift hamber system is installed behind it.2.11 The Preshower DetetorThe purpose of the Preshower (PSH) detetor is two-fold: it provides additionaleletron/pion separation power in the o-line analysis and it is used in thetrigger generating logi (T1).The PSH is based on an array of lead onverters followed by sintillationdetetors [78℄. Eletrons (positrons) initiate in the onverters eletromagnetishowers whih are sampled in the sintillation ounters while pions behave asminimum ionising partiles. For trigger purposes, a signal is released regardlessa pion or an eletron rossing a PSH ounter.The PSH onsists of 16 detetor elements plaed symmetrially in two arms,as seen in Fig. (2.19). Eah element has a Pb onverter and a sintillationounter, Fig. (2.23). The onverters of the two outermost elements of eah arm(low momentum region) are 10 mm thik, whereas the rest are 25 mm thik(around 2 and 5 units of radiation length, respetively).
74 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPThe sintillator slab dimensions are 35×75 m2 and 1 m thikness. Thedetetor signals are linearly split into two branhes; the online readout is usedfor trigger purposes and the oine is used for ADC analyis, in partile sepa-ration. In the former, a leading edge disriminator is used with a thresholdorresponding to eient detetion of minimum ionising partiles.








Figure 2.24: Pulse-height spetra forpions and eletrons in one element ofPSH.
The single arm detetor eienyis 99.5% for pions. Fig. (2.24)shows the pulse-height spetra fromone element of the PSH for pions andeletrons seleted by the trigger sys-tem (this seletion is based on theCherenkov detetor response). Thepion spetrum has a tail (origina-ting from nulear interation of pi-ons in the onverter) extending tothe eletron amplitude region. O-line study showed that rejetion ofeletrons reahes 85% with less than5% losses of pions, what ombinedwith Cherenkov on-line identiationyields almost 100% eletron rejetion(e/π ratio better than 10−4).
2.12. THE MUON DETECTOR 752.12 The Muon Detetor










Figure 2.25: Readout sheme of the muon de-tetor element.
The muon detetor on-sists of a double layer stru-ture of sintillation ounters(28 ounters with equal sin-tillating slabs of 75×12 m2front area and 0.5 m thik-ness per arm) plaed behinda thik (from 60 to 140 m,see Fig. (2.19)), iron ab-sorber whih almost entirelyeliminates hadrons and re-lated hadroni showers. Thethikness is larger in the re-gion lose to the spetrome-ter symmetry axis, in or-der to ompensate for theharder pion momentum spe-trum. This detetor is plaedat the downstream end of theDIRAC apparatus, few me-ters from the intense primaryproton beam dump. As a re-sult, the muon sintillation ounters may undergo a high ux of bakgroundradiation from the beam dump area, whih has required a speial design of theounter arrays and eletronis.To redue this bakground, data from muon detetor are read out only ifsimultaneous signals from a pair of orresponding ounters in the two layers aredeteted, as shown in Fig. (2.25). Fig. (2.26) shows the measured time dier-ene between the signals of the muon detetor and the VH, for an individualmuon element of the positive arm, showing a global time resolution of 1.3 ns.

















−20 −15 −10 −5 0 5 10 15 20Figure 2.26: Time dierene between the signals of the muon detetor and thevertial dosope.O-line use of muon ounters has been hosen to avoid suppression of usefulpion events on-time with bakground signals in this detetor, whih ause thesuppression of events by 30%. From experimental data we have inferred thatthe fration of events ontaining at least one muon is about 10% [79℄.2.13 The Trigger SystemThe trigger system was designed to provide a redution of the event rate toa level aeptable to the data aquisition whih is around 700 events/spill.Pion pairs are produed in the target mainly in a free state with a wide dis-tribution over their relative momentum Q, whereas atomi pairs from pioniumdesintegration have very low Q, typially below 3 MeV/c. The on-line dataseletion rejets events with pion pairs having approximately QL > 30 MeV/or QX > 3 MeV/ or QY > 10 MeV/, keeping at the same time high eienyfor detetion of pairs with Q omponents below these values.A sophistiated multilevel trigger is used in DIRAC [59℄. It omprises avery fast rst level trigger and two higher level trigger proessors. As explainedbefore, due to the requirements of the data analysis proedure, not only timeorrelated (prompt) pion pairs are seleted but also a large number of unorre-lated, aidental, pion pairs.
2.13. THE TRIGGER SYSTEM 77The statistial error of the pionium lifetime measurement depends on thenumber of both prompt and aidental deteted pairs so events are olletedinside a oinidene time window (± 20 ns) between the times measured in theleft (VH1) and right (VH2) vertial hodosopes, entered around the peak ofprompt eventsA blok diagram of the trigger arhiteture is presented in Fig. (2.27). Atrst, the pretrigger T0 starts higher level triggers and the rst level triggerT1 starts digitization of the detetor signals in the data aquisition (DAQ)modules (ADC, TDC, et.). A positive response from T1 starts a powerfuldrift hamber trigger proessor T4. At the next level the neural network triggerDNA/RNA rejets the events with high Q values, and a positive deision fromit in oinidene with positive deision of T1 is used again in oinidene withT4 deision, whih imposes additional onstraints to the relative momentumand takes the nal deision to aept or rejet the event, start the readout ofall eletronis or lear the buer. In addition to the main trigger designed todetet pioni atoms, several alibration triggers are run in parallel.
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Figure 2.27: General blok diagram of the DIRAC multilevel trigger, sine 2002,when the Neural network trigger, DNA, supplanted the Third level trigger, T3.2.13.1 Fast Zero Level Trigger (T0)A fast zero level trigger T0 is aimed to provide the eletronis of the ionizationhodosope with a gate of aeptable rate and as low as possible delay. Thepreshower detetors Pr1 and Pr2 plaed behind the Cherenkov ounters arealso used at o-line data handling for additional suppression of eletrons. Thelogi formula for this T0 is onstruted from a oinidene of the OR signalsof the vertial hodosopes V1 and V2, together with the preshower detetor, toderease the seondary interations, by means of:
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(V1 · Pr1) · (V2 · Pr2) (2.2)This fast zero level trigger an be operated in dierent ongurations, de-pending on the (OR, AND) ongurations of (V1, P r1) and (V2, P r2) [80℄. Inthis way, if V1 and Pr1 are arranged separately with V2 and Pr2 in an ANDstruture, the T0 trigger an be operated alone, while if V1, V2, Pr1 and Pr2are organized in a ommon OR onguration, the T0 trigger output serves asthe seond level trigger T2 input, whose desription will be given in subsetion(2.13.3).2.13.2 First Level Trigger (T1)The rst level trigger (a detailed desription is given in [61℄) aomplishes thefollowing tasks:
• Selets events with signals in both detetor arms.
• Classies the partile in eah arm as π± or e± depending on the preseneof the Cherenkov ounter signal. Protons, kaons and muons are equallyinluded in the "pion" lass (the disrimination is done oine). For thepion signature the requirements are: a oinidene of a hit in VH, HH, nosignal in Cherenkov ounters and a signal oming form PSH in arm i:
(V Hi · HHi · Ci · PSHi)Meanwhile for e+e− signal in Cherenkov is requested:
(V Hi · HHi · Ci · PSHi)The signal from both arms are ombined to produe the nal deision.
• Restrits the oinidenes between the signals deteted in the two armsfor a time window of ±20 ns in Vertial Hodosopes.
• Applies a oplanarity (Copl) riterion to partile pairs: the dierenebetween the hit slab numbers in the Horizontal Hodosopes in the twoarms (HH1 and HH2) should be ≤ 2. This riterion fores a seletion onthe Qy omponent of the relative momentum and redues the rate by afator of 2.
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• Denes streams for events from several physis proesses needed for thesetup alibration with desired rate: e+e− pairs, Λ deaying into a protonand a negative pion (see Chapter (4)), K± deays to three harged pions.The eletronis of T1 gives a deision within 120ns. For Ni-2001 the dataphysial pion trigger is set to (T1·π+π−·Copl).2.13.3 Seond Level Trigger (T2)The aim of DIRAC T2 trigger is to selet events with at least one pair of hargedpartiles with relative x−distane less than 9 mm, using for that purpuse theSFD and IH information. The seond level trigger signal an be operated in thefollowing modes:
• MODE I. A pure IH mode looking for double ionization hits in both planesof the IH detetor. The orresponding algorithm is (A∗∗i B∗∗i ) OR (A∗∗i+1B∗∗i ).
• MODE II. Performes a single adjaent IH detetor information throughthe algorithm: (A∗i A∗i+1) OR (B∗i B∗i+1).
• MODE III. A pure SFD mode looking for events with at least a pair withrelative distane < 9 mm.These three modes an be arranged into seven dierent operation ombina-tions, types, as shown in Table. (2.1).type 1 type 2 type 3 type 4 type 5 type 6 type 7MODE I yes no yes no yes no yesMODE II no yes yes no no yes yesMODE III no no no yes yes yes yesTable 2.1: Correspondene between T2 modes and all their possible ombina-tions, t2-types.The ratios of the T2-types in relation with the T1 triggers are shown in Fig.(2.28). Note that the T2-types 1, 2 and 3 must be ignored, sine they are notoperated under the MODE-III, the pure SFD detetor working mode. As itan be appreiated, the average eieny is very low, around ∼65%, and thesmall distane in the SFD-X bers is not appropriately desribed, due to theinauray of the PSC (Peak Sense Ciruit) problem simulation3.3The PSC problem will be objet of study in setion (4.2.2)
80 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPThe PSC eletronis generates a bias at low QT , eliminating very lose pairs,whih beomes too risky for the experiment understanding, so it was deidedto remove the T2 trigger. At the end of 2001, also the third level trigger wasremoved, despite its perfet running, and replaed by the DNA/RNA trigger,due to a lak of maintenane. From 2001 only the T0, T1, DNA/RNA and theT4 trigger were running in the DIRAC experiment.
Figure 2.28: Ratio between T2-labels number and T1-triggers number, fun-tion of SFD minimum pair x-distane, ratio T2 type(4+5+6+7)/T1, T2type(5+6+7)/T1.
2.13.4 Third Level Trigger (T3)The third level trigger, T3, performs mainly a seletion on the longitudinalrelative momentum omponent QL ≤ 30 MeV/ using the information fromthe Vertial Hodosopes and the Ionization Hodosopes. Fig. (2.29) shows itssituation in the DIRAC multilevel trigger sheme.The topologial trigger T3 is applied after T1 or after T1 and T2 triggers. Inthe rst ase, the π+π−-signature is already known and a QY seletion (opla-narity ut) is applied. T2 trigger, started by T0, adds to the T1 trigger a low
QX seletion riterion.
2.13. THE TRIGGER SYSTEM 81
Figure 2.29: General sheme of the DIRAC multilevel trigger utilized until 2001.T3 proessor an be started with T1 trigger or T1 and T2 oinidenes. TheOR of T3 and DNA deisions starts the GEM/MSGC readout, while the NORstops the T4 proessor and produes a lear one for FERA and DC.For π+π− events with low QL, the topologial orrelation between the num-bers of slabs hit in VH1 (left), and VH2 (right) is exploited: for any slab hit inVH1 there is an allowed range of slabs in VH2, where a orresponding hit anbe found (see Fig. (2.30)).The input data for T3 are signals from VH1 and VH2 vertial hodosopes,(2×18)-inputs, plus 16-inputs from IH logi pattern. The VH sintillator sig-nals from top and bottom photomultipliers are sent to a Constant FrationDisriminator (CFD) and to a CAEN C561 Mean Timer module. The outputof the Mean Timer is an ECL signal whih is independent of the partile impatpoint along the sintillator. The IH logi-signals orrespond to hit slab wherea double ionization or two hits in adjaent slabs have been deteted, and thismeans that two partiles at a small relative x distane (small QX) ross the IHdetetor.The deision time of T3 is xed and the strobe signal to T3 is given by T1(or T1*T2) trigger signal, 120 ns later, while the T3 module issues the signal ofeither a positive or a negative deision. The positive deision is sent to the T4trigger proessor and simultaneously enables the readout of GEM/MSGC dataonto buer memories.The T3 logi is implemented in a Field Programmable Gate Array (FPGA)tehnology. The full programmability of FPGA tehnology is a useful option forthe fast and omplex trigger systems. The T3 logi was reated after extensivetraining with Monte Carlo simulation of the DIRAC apparatus and furtherheked with real T1 triggered data.
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Figure 2.30: T3 seletion: a π+π− pairthat hits the same slab or two adjaentslabs in IH detetor is aepted by T3if there exists, in the VH detetor, anallowed (low QL) ombination betweenthe hit slabs in the two arms.
With a 94 µm thik Ni target andan inident ux of 7×1010 protonsper spill (∼450 ms), the seondaryharged partile rate in the detetorsupstream the magnet is ∼2×106 perspill. In these onditions, the initialrate of 5×103 π+π− T1 triggers (oin-idene signals in the downstreamarms) is redued to 2.5×103 π+π− af-ter a oplanarity ut (T1-oplanarityinvolves a ut in QY omponent [61℄)and further T3 trigger performs a re-jetion of pairs with large QL by a fa-tor 2.The seleted π+π− pairs are thosewith QL ≤ 30 MeV/; the eieny ofthe seletion is high and unbiased inthe aidental time window. Q spe-tra is shown in Fig. (2.31). Here,ratios between relative .m.s momen-tum omponents QX , QY and QL forT1-oplanarity trigger data and T1-oplanarity trigger data seleted byT3 are shown for the kinemati regionof interest for DIRAC, namely: QX ≤3, QY ≤ 3 and QL ≤ 30 MeV/. Theratio of QX distributions shows a entral enhanement due to the double ioni-zation riterion in the IH detetor used by the T3 logi. In the QY omponent,there is no suh seletion and the ratio is ompletely uniform. Finally, QL-ratioshows the major T3 eet: the seletion of pairs with low QL. Pion pairs with
QL ≤ 30 MeV/ are aepted with high onstant eieny (97±1% in the in-teresting kinemati region), whereas pairs with QL > 30 MeV/ are rejetedand they orrespond to the tails of the ratio distribution on both sides of theentral uniform region.The Third level trigger was used during standard data taking and it hasshown an extremely good performane stability during all the run time andbeam onditions, until 2002, when it was replaed by the DNA/RNA trigger.The T3 trigger an be applied in OR/AND with the Neuronal Network trigger,whih performs a task similar to T3.
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Figure 2.31: Ratios between distributions of relative π+π− momentum ompo-nents for T1-oplanarity triggers and T1-oplanarity triggers labelled with T3.Solid line histogram is the expeted T3 answer by software simulation of thehardware implemented logi, while points with error bars are the experimentalresults.
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to RNA triggerFigure 2.32: DIRAC detetors used for the neural network triggers DNA andRNA. Numbers of signal hannels from eah detetor are given in parentheses.
2.13. THE TRIGGER SYSTEM 85Pretrigger T0 provides fast initial signal to the DNA (oinidene of hit slabin VH1, VH2, PSH1 and PSH2). The DNA/RNA reeives the hit patternsfrom VH1, VH2 and the X-planes of IH and the SFD (see Fig. (2.32)), that areanalyzed for the two arms, programmed in OR(∧) relation with the followinglogi:
(V H1 · V H2 · IHx,1) ∧ (V H1 · V H2 · IHx,2)The neural network was trained with Monte Carlo and real data to seletpartile pairs with low relative momenta: Qx < 3 MeV/, Qy < 10 MeV/ and
QL < 30 MeV/. The events that do not satisfy any of those onditions arerejeted. DNA needs a positive deision from T1 for the event to be exeuted.With DNA/RNA a rate redution of 2.3 with respet to T1 is ahieved. Itevaluates an event in 250 ns with an eieny in low ~Q region of 94%.2.13.6 Drift Chamber Proessor (T4)T4 is the nal trigger stage and it requires DNA or T3 positive as input. The T4proessor reonstruts straight traks in the X-projetion of the drift hambersallowing to selet pairs with low relative momentum (the algorithm is desribedin [59℄). Fig. (2.33) shows the blok diagram of the T4 operation.The drift hamber proessor inludes two stages: the trak nder and thetrak analyser.
• The trak nder uses the hit wires information from all DC X-planes(drift time values are not used in the T4 logi). For eah ombinationof hits in two edge base planes denes hit windows for the intermediateplanes and the number of hits inside it are ounted and required to bemore than 4.
• An idential proessor is used for eah arm. If traks are found in botharms, the trak analyser ontinues the event evaluation. Trak andi-dates are ompared to the ontents of a look-up memory table obtainedwith Monte Carlo methods ontaining all possible ombinations of trakidentiers for pion pairs with QL < 30 MeV/ and Qx < 3 MeV/ andallows the start of data transfer to the detetor eletronis if a oinideneis found.































Figure 2.33: T4 operation blok diagram. Only the drift hamber X-planesinvolved in T4 are shown.The T4 deision time depends on the omplexity of the event and is around3.5 µs on average, being fored a positive response if the proessing time exeedsa limit in order to redue the dead-time. T4 redues the output of DNA/RNAby a fator of 5, and the eieny for Q < 30 MeV/ exeeds 99%.The whole trigger system is fully oamputer ontrolled: no hardware inter-vention is needed in order to modify the trigger onguration. With all seletionstages enabled the event rate at the typial experimental onditions is around700 per spill, that is well below the 7% limit of the DAQ rate apability andalibration triggers.


































Figure 2.34: Left: Distribution of Q for aepted π+π− pairs after the fullDIRAC trigger system, and for minimum bias pairs. Right: trigger aeptane,determined as the ratio between the previous two distributions.
Pions from ionization of pionium entering the apparatus have momenta be-low 4 GeV/. The apparatus momentum aeptane for time-orrelated pairsis at for pions with momenta between 1.6 GeV/ and 3 GeV/, and dereasesfor higher momenta.For the sake of ompleteness we also show the laboratory momentum (P )and its transverse projetion (PT ) for a single π− in Fig. (2.35), superimposinga parameterization of the inlusive yield based on the analyti representation[82℄, adapted to the DIRAC enter-of-mass energy (√s=6.84 GeV) [83℄.
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Figure 2.35: Experimental laboratory momentum (P ) and its transverse proje-tion (PT ) of π− orreted for apparatus aeptane (histogram). Superimposed,the results of the parameterization [82, 83℄.
2.14 The DIRAC-II Experimental SetupSine 2005 the DIRAC experiment has suered some substantial modiationswhih allow the ollaboration not only to keep studying the pionium signal andits physis, but also for the bound state formed by a π meson and a K meson[84℄ investigating the preditions of the Chiral Perturbation Theory in the quark
s setor.The most distintive feature of the πK system with respet to the pioniumis that the kaon is a strange partile, so the sattering lengths alulationsmust be aomplished taking this into aount. Therefore the hiral symmetrybreaking must be heked in SU(3)L × SU(3)R. In addition, the larger mass ofthe strange quark slows down the onvergeny of the theoretial alulations inthe ChPT.The hanges implemented to the spetrometer inlude: the installation ofthe MDC (Miro Drift Chambers), whih replaes the GEM/MSGC detetorand the inlusion of two new detetors in the downstream region, both assembledto the Cherenkov detetor: the Heavy Gas Cherenkov and the Aerogel.These two detetors are introdued in the DIRAC-II setup to aomplishthe πK and the K-proton separation, respetively. In addition, an extensionand re-arrangement of the Vertial Hodosopes, the Preshower and the Muon
2.14. THE DIRAC-II EXPERIMENTAL SETUP 89
Figure 2.36: Shemati top view of the DIRAC-II setup. The new detetorsinstalled, the Miro Drift Chambers and the Aerogel Cherenkov ounters, justas the modied detetors, the heavy gas Cherenkov ounters, the Preshower andthe Horizontal Hodosopes are highlighted here.detetor was done to allow the kaon detetion in the region very lose to thelongitudinal axis of the spetrometer and to improve the πK detetion eienyfor high momenta.The author of this thesis was in harge of the VH detetor, owned by hishome institute, during the data taking period 2007 and 2008 in DIRAC-II, atthe same time as he performed the nal analysis of the pionium lifetime.The DIRAC-II experimental setup inluding these new and modied dete-tors is shown in Fig. (2.36).2.14.1 Modiation of the Setup GeometryThe mass dierene between the π and the K is very asymmetri, leadingkaons to emerge from the magnet in a region very lose to the longitudinal axisof the spetrometer. Aording to our alulations of the π+K− and K+π−yields in dierent geometrial ongurations of the experimental setup, it is
90 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPpossible to optimize the setup geometry to maximize the detetion of suhatoms. The geometry whih has the maximal yield of either π+K− or K+π−onsists of a rotation of detetors and of the seondary partiles hannel by
+4.0◦ and −1.5◦, respetively, as shown in Fig. (2.37). The new geometry isnot going to be implemented, sine the ollaboration has reported a pioniumlifetime measurement with less than 10% of unertainty [85℄. The urrent setuprepresents a ompromise solution between ππ and Kπ detetion.
Figure 2.37: Trajetories of π− and K+ from the K+π− breakup for the existinggeometry with Freon 114 Cherenkov ounter and with Silia Aerogel thresholdCherenkov detetor. The labels on the trajetory lines are the K+π− momentain GeV/.2.14.2 The Miro Drift ChambersThe prodution rate of the Kπ atom4 is lower than the pionium and the protonbeam had to inrease its intensity for the new setup (from 0.9 × 1011 to 1.5 ×1011. The miro drift hambers are the main traker upstream the magnet, andwere installed at the end of the 2007 run replaing the GEM/MSGC detetor,unable to operate at the inreased proton beam intensities.4π+K− pairs present a lower rate prodution ompared to π−K+ pairs but they have thedisadvantage of the proton ontamination at high momentum.
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Figure 2.38: Shemati layout of a double-plane drift hamber: AW −− anodewires, 50 µm in diameter; PW −− potential wires, 100 µm in diameter; C −−athode, Mylar foil, 20 µm thik. Sizes are measured in mm.Drift hambers play a very important role in the DIRAC-II experiment.They provide trak reonstrution with high eieny and spatial resolution.Rigid mehanial design, rather simple prodution tehnology and preise fea-tures of read-out eletronis make the drift hamber tehnique also attrativefor partile traking between the target and the magnet.Let us onsider how partiles are deteted in a drift hamber ell. In thease of one partile, primary ionisation eletrons drift to an anode wire andinitiate the avalanhe proess. This avalanhe oupies part of the anode wire(dead zone) and inhibits the detetion of another partile lose-by in spae. Anadditional limitation arises from read-out eletronis. Even if two partiles aredeteted on the anode wire, a later signal may not be aepted by the multi-hitTDC due to a nite double-hit resolution. These limitations are fatal in thease of a single plane hamber. An additional plane, shifted by half a ell width,eliminates not only a left-right ambiguity, but also the double trak resolutionproblem, as an be appreiated in Fig. (2.38). If two traks ross one ell, onepartile is deteted by the rst plane and the other by the seond plane.
92 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPFig. (2.38) also shows a shemati layout of a double plane hamber. Eahplane onsists of 32 ells. The ell size is 3 × 2 mm2, and the sensitive area is
94.5×94 mm2. The hamber is operated in a high urrent avalanhe mode withthe gas admixture Ar(0.33) + iC4H10(0.66) + H2O(0.01). This permits to usethe present drift hamber read-out eletronis, whih has demonstrated perfetoperating features.Drift parameters, time and spae resolution of the hamber have been inves-tigated with help of the GARFIELD simulation pakage [86℄, and the ountingrate apability has been estimated from our dead zone measurement.
Figure 2.39: Time features of the drift hamber simulated with help of theGARFIELD pakage. Gas mixture is Ar(0.33) + iC4H10(0.66) + H2O(0.01).Drift times (Tdr) and spreads of arrival time (σt) as a funtion of drift dis-tane are shown in Fig. (2.39). The drift time Tdr exhibits rather linear de-pendene, what is very onvenient for trak reonstrution proedures. Themaximum drift time is 26 ns. The σt value never exeeds 0.5 ns, thus thespatial resolution is better than 30 µm.The double trak resolution of the double plane hamber is illustrated inFig. (2.40). The histograms orrespond to two traks separated by 100 µm inspae. The left histogram orresponds to traks deteted by the rst plane, andthe right one to traks deteted by the seond plane. The TDC bin width, of
0.5 ns, has been taken into aount.
2.14. THE DIRAC-II EXPERIMENTAL SETUP 93The miro drift oordinate detetor, onsisting of three double plane ham-bers, is installed along eah oordinate (X and Y ) in the region, where theupstream detetors are loated. A full trak reonstrution near the targetshould be ahievable. The same DIRAC drift hamber readout eletronis isutilized.
Figure 2.40: The double trak resolution of the double-plane drift hamber. Thesolid histogram orresponds to trak position 450 µm and the dashed one to
550 µm with respet to the anode wire.The most important features of the detetor are:
• a total of 18 planes,
• a spatial auray σ = 30 µm,
• a double trak resolution σ = 200 µm,
• one plane eieny > 98%, working at a beam intensity I = 2 ×1011protons per spill,
• a time resolution σ = 1 ns,
• a very low integral material budget.
94 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUP2.14.3 The New Vertial HodosopesThe 36 sintillators of the Vertial Hodosopes, whih onstituted the preeedingTime-Of-Flight detetor of the DIRAC experiment, were fully reformed andthey have been used to onstrut the TOF of the new experimental setup, asshown in Fig. (2.41). A simulation was done to determine the area destinatedto house the πK atom signal, and the TOF was onsequently modied to overit. Two new sintillators were added to eah arm of the spetrometer, withidential harateristis to the previously used in the TOF.
Figure 2.41: One of the 36 reformed sintillators utilized in the new TOF de-tetor, showing the aluminium oating of the sintillator.
2.14. THE DIRAC-II EXPERIMENTAL SETUP 95The 40 sintillators have been exhaustively tested before their denitivearrangement in the experimental setup. The main study parameters have beenthe luminial isolation and the shape and harateristis of the output signal,using osmi rays. Fig. (2.42) shows the experimental setup for the osmi raystest.
Figure 2.42: Experimental setup utilized for the osmi rays test applied to theTOF.In Figs. (2.43) and (2.44) we an observe the hits distribution for the left andright arm hodosope system, respetively, alulated for a e+e− trigger. Thelower partile rate for the sintillators lose to the beam diretion is explainedby the inlusion of the Aerogel and the Heavy Gas Cherenkov in the DIRACexperimental setup, whih have been introdued very lose to the beam diretionto disriminate eletrons, thus dereasing the eletron detetion eieny forthe mentioned sintillators.
96 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUP
Figure 2.43: Partile rate for eah sintillator in the left arm of the spetrometer,for e+e− triggers. Note the lower partile rate for the hodosopes lose to thebeam diretion.
Figure 2.44: Partile rate for eah sintillator in the right arm of the spetrom-eter, for e−e− triggers. Note the lower partile rate for the hodosopes lose tothe beam diretion.
2.14. THE DIRAC-II EXPERIMENTAL SETUP 972.14.4 The Cherenkov CountersThe Cherenkov detetors upgrade onsists of two steps. The rst upgrade isaimed at deteting π+K− and π−K+ pairs with the original DIRAC geometry,simultaneously to pionium detetion. This upgrade has been desribed in se-tion (2.14.1). The seond upgrade, after ompletion of pionium measurement, isforeseen to optimize the setup geometry for detetion of either π+K− or K+π−,aording to the results the rst upgrade measurements.
Figure 2.45: Downstream detetors installed in the DIRAC-II experimentalsetup. The modied Cherenkov detetor an be seen in light blue. The heavygas Cherenkov detetor is represented in yellow, while the aerogel Cherenkovounter is oloured in dark blue, in the left arm.In the ase of π+K− detetion, we have to disriminate in the negative armnegative kaons from other partiles (eletrons, muons and pions). It is neessaryto employ in the existing threshold Cherenkov ounter a gas with an index ofrefration higher than that of N2. The radiator replaement is neessary onlyfor the ounter plaed on the negative spetrometer arm, maintaining the N2gas radiator in the ounter on the positive arm, devoted to the seletion ofpositive pions.
98 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPFor the proposed setup geometry (Figs (2.37)) and the aepted πK momen-tum range (from 5 to 10 GeV/), the momentum of negative kaons assoiatedto the πK breakup will range between 3.9 and 7.8 GeV/. Moreover, suh kaonstraverse only the entral region of the ounter. On the opposite arm the orre-lated positive pions over a momentum range from ∼ 1.0 to 2.2 GeV/. Fig.(2.45) shows the new downstream detetors installed in the DIRAC-II setup.
Figure 2.46: The modied Cherenkov ounter detetor. The N2-Cherenkov de-tetor is shown in blue. Its tank has been modied to lear spae for the two newCherenkov detetors: in green the heavy gas and in red the aerogel modules.The heavy gas ounter separates kaons from pions while the aerogel ounterseparates kaons from protons. Due to the strong suppression of antiprotons om-pared to protons, only the positive arm is equipped with an aerogel ounter. Theoriginal N2-tank had to be redued to lear spae for the two new Cherenkovdetetors, as an be seen in Fig. (2.46). This modiation redues the ele-tron/positron rejetion eieny, whih an be ompensated by the preshowerdetetor.A suitable radiator hoie for the Cherenkov ounter on the negative armis sulfur hexauoride (SF6) gas, whih has an index of refration n = 1.00072and orresponding threshold on pion and kaon momenta at ∼ 3.7 GeV/ and
∼ 13.0 GeV/, respetively. It allows to disriminate pions (also muons andeletrons) from kaons beause only the former will produe Cherenkov light inthe appropriate momentum range (3.9÷7.8 GeV/).
2.14. THE DIRAC-II EXPERIMENTAL SETUP 99Pions and kaons with momenta below the Cherenkov threshold and outsidethe interval of momenta of typial πK breakup produts, namely pπ < 3.7GeV/ and 7.8< pK <13 GeV/, however, enter the ounter aeptane andontribute to the trigger yield when operating the ounter in antioinidene.The trajetories of suh partiles interset the mirrors loated at both extremesof the ounter exit window. To rejet suh a bakground we redue the triggeraeptane of the negative arm by exluding the response of photomultipliersloated at the edges of the ounter.SF6 is known to have exellent transpareny to light with wavelength above190 nm [87℄, omparable to that of N2, and a sintillation intensity 6.6 timesless than in nitrogen [88℄, it is inert and non-ammable, and an be operatedat normal temperature and pressure onditions. The maximum Cherenkov e-mission angle is 2.17◦ to be ompared with 1.39◦ for N2. Sine the optis of theounter is optimized to fous light emitted at a maximum Cherenkov angle of1.4◦ we expet a partial loss of Cherenkov photons falling outside the mirroraeptane. This loss does, however, orrespond to a negligible diminishmentof eieny sine the expeted light yield in SF6 is larger than in N2, for thesame radiator path length.In ase we hoose K+π− detetion, we need to disriminate K+ from π+ and
p in the positive arm. The π/K disrimination an be ahieved with the sameCherenkov ounter lled with SF6 gas as in the π+K− ase. To disriminatekaons from protons an aerogel threshold Cherenkov ounter with n = 1.01 isused, to be desribed in setion (2.14.6).2.14.5 The Heavy Gas CherenkovThe heavy gas Cherenkov ounter shown in Fig. (2.47) detets pions and anbe used in oinidene for the ππ-atoms measurement to redue ontaminationfrom other partile types, or in anti-oinidene for Kπ-atom observation. TheC4F10 gas used as radiator is leaned permanently by a omplex system, toahieve a very high purity [89℄. Eah module is read out by four HamamatsuR1584 5-inh PMTs.Fig. (2.48) shows the integrated pulse height of the analogue sum of thefour PMTs as a funtion of the momentum for the ChF module installed inthe right arm of the spetrometer. Eletrons are rejeted using the Ch in anti-oinidene. Anti-protons and kaons are strongly suppressed so that mainlypions are ontributing to Fig. (2.48). The assoiated ADC spetrum for p > 4GeV/ is also shown in Fig. (2.48). The average number of photoeletrons forpions is between 20 and 25 depending on the momentum.
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Figure 2.47: (a): One of the heavy gas Cherenkov detetor installed in the ne-gative spetrometer arm. (b): Sketh of the inner part of the heavy gas detetorillustrating the Cherenkov light propagation. The photons are rst reeted bak-wards by a set of four spherial mirrors and then foused on the photoathodeby at mirrors.
Figure 2.48: Integrated pulse height of the analogue sum of the four PMTs as afuntion of momentum for pions (a) and the assoiated ADC spetrum for p >4 GeV/ (b).
2.14. THE DIRAC-II EXPERIMENTAL SETUP 1012.14.6 The Aerogel Cherenkov DetetorTo measure the distribution of πK-atoms in the DIRAC-II experiment, oneneeds to identify kaons in the momentum range between 4 to 8 GeV/. Thedetetion of π−K+ pairs is a more omplex task in omparison with π+K−beause in this ase, in addition to π+, a large admixture of protons to positivekaons is also expeted.The time of ight tehnique is not adequate for the separation of kaons andprotons at suh energies. Silia aerogel is the only material with a refrativeindex in the proper range required for a preise kaon identiation. Due to thewide momentum range a duplex design has been hosen. The ounter onsistsof overlapping modules with two dierent refrative indies n = 1.015 and n =1.008. Sine the large spatial kaon distribution at the loation reserved for theCherenkov ounter in DIRAC-II experiment, a sensitive area of 440 × 340 mm2is needed.
Figure 2.49: Sketh of the aerogel design. The modules H1 and H2 (n = 1.015)over the momentum range 4-5.5 GeV/ and the module H3 (n = 1.008) oversthe range from 5.5 to 8 GeV/. The PMTs are mounted on the top and bottomsurfaes of eah module. The sensitive area is 420 × 170 mm2.The transverse dimensions of the aerogel ounters are suient to olletall trajetories of K+ from πK breakup. The thikness of the aerogel radiatoris 90 mm. Thiker radiators have no advantages beause the optial transmit-tane length is rather small (25 ÷ 50 mm). The longitudinal dimension of theboxes ontaining aerogel tiles is 200 ÷ 250 mm. This spae will be neededfor light olletion (mirror or diuse). Eah module is viewed by four 5-inhesphotomultipliers (Hamamatsu R1587) attahed to the top and bottom sides.
102 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPThe three Aerogel Cherenkov ounters are shown in Figs. (2.49) and (2.50).The aerogel detetors are plaed in front of the fourth (DC4) drift hambermodules, see Fig. (2.46).
Figure 2.50: Drawing of the aerogel nal setup. The aerogel tiles are arranged ina pyramidal geometry in a steel box that also supports the housing of the PMTsand their mu-metal shields. The steel box is shielding the PMTs from the fringeeld of the DIRAC dipole magnet.The ounter was studied at the CERN PS T11 test beam with the mo-mentum of 3.6 GeV/ (88% of pions and 12% of eletrons). The number ofphotoeletrons deteted with diuse light olletion was ∼5, with mirror olle-tion ∼10. The geometry of the aerogel onsists of:
• 2 modules with refrative index n = 1.015 and aerogel thikness = (147
± 7) mm on the top and bottom of the ounter and (231 ± 11) mm inthe enter of the ounter. The ative area is (417 ± 7) × (166 × 2) mm2.
• 1 module with refrative index n = 1.008 and aerogel thikness = (163.
± 1.4) mm on the top and bottom of the ounter and (233 ± 2) mm inthe enter of the ounter. The ative area is (424 ± 1.6) × (159 ± 0.6)mm2.
• 6 PM photonis XP4570R, seleted for high sensitivity.
2.14. THE DIRAC-II EXPERIMENTAL SETUP 103The aerogel pion trigger rejets eletrons and positrons using Ch in anti-oinidene and selets symmetri traks with the same aperture in eah spe-trometer arm. Mainly pions and protons are present in the left arm as well asa few kaons. For traks rossing H1, the satterplot Fig. (2.51) learly showsthe presene of pions in the green ellipse. Protons above threshold are shown inthe red ellipse, while protons below threshold are in the pedestal. Nevertheless,a few protons give some light due to aidental traks, thermal photoeletronsor δ-eletrons produed in the aerogel.
Figure 2.51: (a): Satterplot for H1. The pions are surrounded in green, theprotons in red and the tail from pedestal in blue. Due to the low produtionrate, kaons are not visible in this plot. (b): Integrated pulse height spetrummeasured with H1 for pions seleted with the ChF in oinidene.To extrat the proton signal using the aerogel Cherenkov, one an perform aTOF analysis or employ Λ deays. In the rst ase, sine the negative partilesare dominated by pions, we attribute the mass of the pion to the negative parti-le in a squared mass distribution. In the seond ase the lambda intermediatepartile is used, whih deays into one proton and one negative pion.Using these two tehniques to selet protons, one obtains the resulting protonspetrum measured, as an be seen in Fig. (2.52). From left to right with H1, H2and L1 respetively, The best t is obtained with a Gaussian, plus a dereasingexponential for the positive tail of the distribution. This distribution providesa good way to estimate the proton rejetion eieny.
104 CHAPTER 2. THE DIRAC EXPERIMENTAL SETUPA ut of one photoeletron above the mean of the pedestal leads to (94.6 ±8.4)%, (93.2.6 ± 7.6)% and (89.6 ± 9.8)% of rejeted protons for H1, H2 andL1 respetively.
Figure 2.52: From left to right: Proton ADC spetrum measured with the aerogelmodules H1, H2 and L1, respetively. Protons are seleted using TOF tehniqueand Λ-deays. For a parameterization, the distribution is tted in pink with aGaussian and an exponential.2.15 DIRAC-II PerformaneThe DIRAC ollaboration has reported the rst experimental evidene of the
Kπ atom in 2009 [90℄, where 173± 54 Kπ atoms were observed. From these rstdata, a lower limit for the lifetime was derived: τ1S = 0.8 fs at 90% ondenelevel. The Kπ atoms are produed by the 24 GeV/ proton beam in a thin Pttarget and the π± and K∓ mesons from the atom dissoiation are analyzed bythe spetrometer.The momentum alibration was ross-heked with traks from Λ → π−pdeays. Fig. (2.53) shows the invariant π−p mass distribution. A Gaussian tis applied leading to a mass of 1115.35 ± 0.08 MeV/2 (statistial error) and awidth of σ = 0.58 ± 0.01 MeV/2, dominated by momentum resolution.
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Figure 2.53: π−p mass distribution in the Λ region. The line shows the Gaussiant. A χ2 minimization provides the number of Kπ atoms found in the analysis.This minimization proedure will be explained in Chapter (3). Fig. (2.54) showsthe MINUIT results for Coulomb and non-Coulomb ontributions to π−K+events. Sine the shapes of both ontributions are known, one an extrapolateinto the |QL| < 3 MeV/ signal region. The dierene between the data andthe sum of both ontributions is plotted in Fig. (2.55). Above |QL| = 3 MeV/the residuals are onsistent with zero, while the enhanement at low relativemomentum is the rst evidene for π−K+ atoms.
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Figure 2.54: QL distributions for the π−K+ data sample (26 µm Pt target).The histogram shows the data. The tted non-Coulomb and Coulomb pairs arein green (1) and blue (2) respetively, together with the total bakground inturquoise (3).
Figure 2.55: Residuals between data and tted bakground. The solid line illus-trates the distribution of atomi pairs.
2.16. SUMMARY 1072.16 SummaryThis hapter has desribed in detail the DIRAC experimental setup and thedetetors involved in the pionium lifetime determination, to be undertaken inthe subsequent hapters. The DIRAC II experimental setup was also desribed,and its rst physis publiation [90℄, released in 2009, has reported the premier
πK atom experimental evidene.
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Chapter 3Analysis Method
3.1 Data SeletionThe analysis presented here has been arried out following the standard pre-seletion proedure desribed in Appendix A for 2001-2003 Ni targets. Thispre-seletion applies a group of uts that do not produe any signiant biasin the shape of two-pion Coulomb interation spetrum, further than shrinkingthe QT distribution to an approximate ut of QT < 6MeV/c. In partiular,they are suiently general to not introdue biases in the upstream detetormultipliities.The main advantage of this pre-seletion arises from the strong data re-dution, whih improves the data proessing time in the analysis. This is ofourse at the ost of having a slightly redued range in the QT spetrum of theCoulomb interation bakground.3.2 Seletion CutsThe traking proedures require the two traks either to have a ommon vertexoriginated from the interset of the beam with the target. The following utsand onditions are applied to provide the leanest possible event pattern [4℄:
• "Prompt" events are dened by the time dierene of the vertial ho-dosopes in the two arms of the spetrometer to be |∆t| ≤ 0.5 ns;
• "Aidental" events are dened by time intervals −15 ns ≤ ∆t ≤ −5 nsand 7 ns ≤ ∆t ≤ 17 ns, determined by the Time-Of-Flight measurements.109
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• Protons in "prompt" events are rejeted by TOF in the vertial ho-dosopes for momenta of the positive partile below 4 GeV/.
• e± and µ± are rejeted by appropriate uts on the Cherenkov, the preshowerand the muon ounter information;
• Cuts in the transverse and longitudinal omponents of Q are QT ≤ 5MeV/ and |QL| < 15 MeV/. The QT ut preserves 98% of the atomisignal. The QL ut preserves data outside the signal region for deningthe bakground;3.3 Reonstrution MethodCharged pions pairs are reonstruted aording to the method desribed andevaluated in [91, 92, 93℄, following a swithable option of the standard reons-trution program, ARIANE [94℄, whih an work in two dierent modes:
• Only the SFD detetor takes part in the traking.
• All upstream detetors ollaborate in the traking.This method has the distint feature of having independent traking in theupstream and downstream arms. This beomes possible when the full upstreamspetrometer information is used, onsisting (in 2002 and 2003) of 11 detetorlayers of GEM/MSGC (4), Sintillation Fiber Detetor (SFD) (3), and Ioniza-tion Hodosope (IH) (4) [2℄.In a high radiation environment, it is important that the stray elds pro-dued by the magnet do not play a signiant role, just as happens in ourtraking proedure, where straightline tting allows unambiguous reonstru-tion of pion pairs pointing to the beam intersetion with the target. Stray eldsare negligible in the upstream detetors region.The opening angle and the QT resolution are determined with very highpreision by the traking system, and are only limited in pratie by multiplesattering inside the target foil. The mismath in the harge sign assignmentis inevitable at very low opening angles (due to limited spatial resolution inDC trak extrapolation through the dipole magnet), but the sign of QT is notan objetive of the experiment, sine harge-onjugation symmetry is takenfor granted in pion-pion interation, and the ontribution for this eet is welldesribed by the Monte Carlo simulation, to be reported in Chapter (4).
3.4. MONTE CARLO GENERATORS 111Upstream traks make use of the stereo angles of 4 GEM/MSGC and 2 SFDdetetors, in onjuntion with the TDC information from extrapolated X or YSFD hits. As a onsequene, they have a well dened time tag, whih reduesthe noise from out-of-time GEM/MSGC hits to a small amount.The upstream trak pairs are mathed with DC traks in order to determinethe orret harge assignment. The Mathing eieny is uniform over thedetetor aeptane, and exeeds 95% everywhere [91, 92, 93, 95℄. Time infor-mation is used as part of the mathing proedure. The Pulse-height in the IHis alibrated with single and double upstream traks. Double ionization signalis required in this detetor to identify pion pairs when only a single unresolvedtrak an be mathed to two DC traks.Standard uts for muon bakground rejetion using the muon ounters andpre-shower detetor (PSH) are applied. The PSH pulses have been analysed toross-hek and improve the Cherenkov veto eieny.3.4 Monte Carlo GeneratorsThe DIRAC ollaboration has originally used two dierent numerial methodsto desribe the propagation of the atom pairs inside the target foil. One isbased upon the resolution of the transport equations for atom propagation indisrete and ontinuum states [1, 49℄ and the other performs the same objetiveusing step-by-step propagation using the Monte Carlo method [96, 97℄. Bothmethods have been shown to be in exellent agreement, better than 1% [35℄.Motivated by the above, the DIRAC ollaboration has been using two sim-ulation pakages [96, 98℄ in order to alulate the pionium breakup probabilityfor a given onguration of the apparatus, inluding the beam onditions. Al-though in this work we have used the DIPGEN generator [98℄, a omparisonbetween them has been done. The numerial dierene between the pioniumbreakup probability outputs is atually negligible, as shown in Fig. (3.1), wherethe pionium breakup probability versus momentum produed by the two MonteCarlos for a 98 µm Ni target are shown, for several lifetime hypotheses.In previous works [91, 92℄ the input lab-frame pion momentum spetrum
p was taken from real DIRAC data and a de-onvolution by the spetrometeraeptane, alulated by the Monte Carlo, of the reonstruted prompt pairspetrum E as funtion of p and θ (angle with respet to the proton beamdiretion) had to be performed. The Monte Carlo generator desribed in [96℄was used to produe a p, θ spetrum to desribe real data. Fig. (3.1) showsthose p and θ distributions.



















3 3.5 4 4.5 5 5.5 6 6.5 7
thetaFigure 3.1: p and θ distributions obtained from experimental prompt pairs (aftersubtration of aidental pairs) are shown in blak. Red lines orrespond to thede-onvoluted input spetrum for the Monte Carlo generator desribed in [96℄,as explained in the text.



























































Figure 3.2: Pionium breakup probability in a 98 µm Nikel target thiknessversus pair momentum for several lifetime hypotheses. Blak triangles representthe former Monte Carlo generator desribed in [96℄ whereas red triangles standfor the Monte Carlo generator used in the urrent analysis, desribed in [98℄.From top to bottom and left to right, lifetime hypotheses: τ = 1.0, 1.5, 2.0, 2.5,3.0 and 3.2 fs. The agreement between both generators is exellent.









0 1 2 3 4 5 6 7 8 9 10Figure 3.3: p distribution used by the Monte Carlo generator employed in thisanalysis. The orresponding θ projetion is uniform in (4.5◦, 7.5◦).The p funtion for the newer Monte Carlo generator is shown in Fig. (3.3).In omparison with the older Monte Carlo generator, whih used a orrelatedtwo-dimensional (p, θ) funtion, the latter generator dissoiates the dependenebetween p and θ by produing a p funtion uniformly distributed in the θ plane,to be orreted at a later stage of the analysis by applying some weigths to thedistributions. The output of the Monte Carlo onsists of a 50000 event le whihontains the π+π− pair position in the target and the (px, py, pz) omponents ofboth pions momentum.This kinemati le is introdued in the GEANT-DIRAC program [99℄ withstandard geometry and detetor les, but with modied average multiple sat-tering angle in the upstream region1, to be desribed in Chapter 4 in this thesis.1This was neessary to math the vertex distributions for real data and Monte Carlo. Themultiple sattering angle in this region was inreased in a 8%.
3.4. MONTE CARLO GENERATORS 115GEANT-DIRAC produes and propagates an event through the spetrometer,saving the information in a 50000 events buer le.In a later stage, the event reonstrution program, ARIANE, ollets thebuer les reated by GEANT-DIRAC and produes the detetor digitizationswhih inlude the response of the detetors, hit generation, eienes and de-tetor resolutions, reating an n-tuple olletion. It also performs the trakingreonstrution of the events after the digitization. N-tuples are proessed witha program alled readnt whih applies weights in order to math the (p, θ) dis-tributions between the real data and the Monte Carlo, onsisting of a frationbetween the real data shape and the Monte Carlo, building a (p, θ) distributionalike the real data.One of the most important and elebrated features of the ARIANE pro-gram is the lusterization of the GEM/MSGC detetor. The proedure forGEM/MSGC luster patterning uses real data input to desribe orrelationsbetween luster total harge, miro-strip multipliity and dierential harge.Simulation of out-of-time noise hits in GEM/MSGC detetors is done by repro-duing the experimentally observed harateristis of this bakground, namely:
• Existene of signiant hit multipliity orrelations from plane to plane (4detetors), whih are enoded by spei look-up-tables determined fromreal data.
• Absene of spae orrelations between dierent planes in most of ases,one the two π+π− triggering traks are removed. This indiates that thisbakground is essentially originated from wide angle traks with respetto the beam diretion.
• Presene of bakground with spatial orrelated traks. This bakgroundrepresents less than the 20% of the hit multipliity distribution, and wasintrodued for the systemati error alulation, see setion (6.7). Thereperussion of this nasty bakground was expeted to be important in thenal pionium breakup measurement, but it was onrmed that its eetrepresents a minimal impat, demonstrating the high quality performaneof the traking.In Fig. (3.4) we ompare the observed GEM/MSGC hit multipliity dis-tributions for eah detetor with Monte Carlo simulation. Only hits (real orbakground) found within a momentum-dependent ±3σ spae window from adrift hamber trak extrapolated to the upstream detetor planes are retained.As it an be appreiated, the GEM/MSGC bakground is perfetly well desri-bed.













































0 5 10 15 20Figure 3.4: Number of GEM/MSGC lusters found lose to any of the drifthamber traks, inluding the real signal pairs (dots), ompared to Monte Carlosimulation (line). Detetor ordering is X/Y (top left/right) and X'/Y' (bottomleft/right).
3.5. MONTE CARLO SIMULATION 1173.5 Monte Carlo SimulationTo ahieve the most aurate parametrization of the Coulomb interation downto very small values of Q, we have hosen Monte Carlo simulation as the mostpreise analysis proedure. In addition, 50% of the experiment DAQ was de-voted to ollet aidental pairs, whih were used in preeeding analysis [91, 92℄to perform trigger aeptane orretions to the QL spetrum. The present workinludes a trigger simulation, so the aeptane orretions to the QL spetrumbeome unneessary.It should be understood that the use of Monte Carlo is entirely restrited tothe desription of the experimental resolution and the detetors eieny, andby no means implies spei model assumptions about proton-nuleus physis.In partiular, Coulomb interation is desribed by the Coulomb enhanementof the Q-spae wavefuntions, desribed in setion (1.5).Even with the exellent Time-Of-Flight resolution of the spetrometer, anon-Coulomb ontamination remains in prompt-pair event seletion. It onsistsof aidental pairs and other long-lifetime deays. Both are desribed by MonteCarlo, where pion pairs are simulated isotropially in their enter-of-mass frame,and the Coulomb interation is not aounted.The lifetime determination performed in the works mentioned above onlyemployed two kinds of Monte Carlo. One Monte Carlo was used to desribe datafrom 2001 whereas the other Monte Carlo was used to interpret data from 2002and 2003. In this work, real data were divided in ve dierent sets, motivatedby the two target thiknesses (94 and 98 µm) and two proton beam energies (20and 24 GeV/) ongured in the DIRAC spetrometer. Three dierent MonteCarlo were utilized to desribe the ve data sets. Table (3.1) aounts for thereal data and Monte Carlo sets used in this analysis.Year Target thikness Beam Energy Real Data Monte Carlo2001 94 µm 24 GeV/ 2001 94 µm 94 µm 24 GeV/2001 98 µm 24 GeV/ 2001 98 µm 98 µm 24 GeV/2002 98 µm 20 GeV/ 2002 20 GeV/ 98 µm 20 GeV/2002 98 µm 24 GeV/ 2002 24 GeV/ 98 µm 24 GeV/2003 98 µm 20 GeV/ 2003 20 GeV/ 98 µm 20 GeV/Table 3.1: Dierent real data and Monte Carlo sets utilized in the pionium life-time determination, enouraged by the two target thiknesses and beam energiesinstalled in the experiment.
118 CHAPTER 3. ANALYSIS METHOD3.6 Q-spetrum AnalysisA two-dimensional analysis of the π+π− spetrum in the enter-of-mass framehas been arried out, hoosing the transverse QT = √Q2X + Q2Y and longitudi-nal QL = |QZ | omponents of the enter-of-mass momentum of the pion pair(with respet to the pair diretion of ight Z) as independent variables. Thisanalysis has been done independently for seven individual 600MeV/c bins from2.6 to 6.8 Gev/ of the pair laboratory-frame momentum p. The results will bepresented in Chapter (5). Irrespetive of the parameter variation strategy, or ofthe momentum denition followed in eah ase, the prompt two-pion spetrumin the (QT , QL) plane has been χ2-analysed by omparison with a ombinationof the following input spetra:
• Monte Carlo desribing the Coulomb nal-state interation by means ofthe Coulomb fator (labelled CC), using pion pair lab-frame momentumfrom prompt spetrometer data.
• Monte Carlo desribing aidental oinidenes taken by the spetrometer(labelled AC). It reprodues the unorrelated non-Coulomb bakgroundin prompt events. Its laboratory momentum spetrum has been simulatedaording to that of true aidental pairs taken by the spetrometer. Itsfration has been determined from the Time-Of-Flight (TOF) spetrumin eah momentum bin, and the values obtained are represented in Fig.(3.6).
• Monte Carlo desribing non-Coulomb interating π+π− (labelled NC).It simulates pion pairs in whih at least on of them is oming from along-lived resonane. Suh events are deteted as time-orrelated by thepreision oinidene of the spetrometer. We assume they have a stritlyisotropial distribution in their enter-of-mass frame. Their lab-framemomentum spetrum is also taken from spetrometer data.
• The pionium Monte Carlo [98℄, alulated using the full desription ofthe physis of the pioni atoms interations with the target atoms. Itis used to obtain the pionium spetrum and t the observed deviationwith respet to the ontinuum Coulomb bakground, onstruted fromthe previous input (it is labelled AA)The resulting number of events for eah of the above samples is denoted by
NCC , NAC , NNC and NAA respetively, with relative Monte Carlo type frations
α1, α2, α3 and γ. Npr represents the total number of prompt events in the




[M ij − F ijA − F ijB ]2









∆QT ∆QL, (3.2)and the sum in (3.1) runs over a two-dimensional grid of |QL| < 15 MeV/c and
|QT | < 5 MeV/c, with bin enters loated at values (QiT , QjL) and uniform binsize ∆QT = ∆QL = 0.5 MeV/c. The FA and FB funtions desribe the pioniumsignal and the NCC + NAC + NNC three-fold bakground, respetively, denedas:






















σA and σB are their statistial errors. The analysis is based on the parametriza-tion of FA and FB and the preise Monte Carlo simulation of the detetorresponse.
ωAC is the fration of aidental bakground out of all prompt events. Sub-tration of aidental pairs is performed by bloking the ωAC parameter tothe experimentally observed values, to be desribed in the next setion. Mini-mization of the χ2 over the entire (QT , QL) plane determines the non-Coulombfration N recNC/NMCNC , and the atom fration N recAA/NMCAA . The total numberof measured prompt events is restrited by the ondition Npr(1 − ωAC) =




A , and represents the overall Monte Carlo normalization, de-termined by the number of prompt events in the tted range.
120 CHAPTER 3. ANALYSIS METHODOne the previous t has onverged, we dene the atom signal in eah (i, j)bin as the dierene between the prompt spetrum and the Monte Carlo with thepionium omponent (AA) removed. This two-dimensional signal, whih revealsthe exess with respet to the alulated Coulomb interation enhanement, isanalysed in detail in Chapter (5), where it is ompared with the Monte Carlopredition for atom prodution.
3.7 Aidental PairsThe prompt region is dened by the Time-Of-Flight dierene between the twoarms of the spetrometer, |∆t| ≤ 0.5 ns, represented in Fig. (3.5). There isa ontribution from all kind of pion pairs desribed in Chapter (1): atomi,Colulomb, non Coulomb and aidental pairs inside the prompt region. Theontribution from the aidental pairs an be measured using the method to bedesribed, whih will allow us to x the aidental ontamination in the analysist, saving one free parameter.To extrat the fration of aidental pairs present in the prompt region wehave extrapolated the negative part of the Time-Of-Flight dierene between
[−14,−4] ns to the |∆t| ≤ 0.5 ns region. This is to avoid the positive part ofthe aidental region that ontains ontributions from protons.The fration of aidental pairs inside the prompt oinidene has beenexperimentally determined in ten momentum intervals, for eah running period2001, 2002 and 2003, separately, and the results are given in Table (3.2) and Fig.(3.6). It an be appreiated that the aidental ontamination inreases withthe momentum, beause the proton spetra produed by target fragmentationin the proton-nuleus interations has a greater average momentum than thepion spetra, whose ontribution beomes larger as the momentum inreases.The perentage of aidental ontamination was inremented during 2002and 2003 with respet to 2001. Fig. (3.6) does not represent the absolutefration of aidental pairs, but the extrapolated aidental pairs in the promptregion, so this inrement in the ontamination annot be explained in terms ofthe physis of the experiment. The disrepany must be explained by means ofdierent setup harateristis in 2001 and 2002-2003.












-20 -15 -10 -5 0 5 10 15 20
Time-of-flight (ns)Figure 3.5: Time dierene between positive and negative partiles from VHmeasurement. Prompt events are dened inside the [−0.5, 0.5] ns window(green), and aidentals are seleted from yellow oloured window in order toremove proton and kaon ontamination ([−14,−4] and [11, 14] ns).
122 CHAPTER 3. ANALYSIS METHODp (GeV/c) % 2001 % 2002 % 2003
p1 2.6 - 3.2 7.83 ± 0.07 12.25 ± 0.06 11.69 ± 0.11
p2 3.2 - 3.8 8.86 ± 0.07 12.89 ± 0.07 12.28 ± 0.13
p3 3.8 - 4.4 10.51 ± 0.07 13.43 ± 0.06 12.76 ± 0.10
p4 4.4 - 5.0 11.52 ± 0.08 13.97 ± 0.06 13.32 ± 0.12
p5 5.0 - 5.6 12.16 ± 0.09 14.51 ± 0.08 13.91 ± 0.15
p6 5.6 - 6.2 12.81 ± 0.10 15.13 ± 0.09 14.60 ± 0.18
p7 6.2 - 6.8 13.62 ± 0.14 16.09 ± 0.13 15.65 ± 0.24
p8 6.8 - 7.4 14.62 ± 0.19 17.20 ± 0.18 17.38 ± 0.36
p9 7.4 - 8.0 15.53 ± 0.27 18.26 ± 0.26 19.40 ± 0.57



























Figure 3.6: Aidental pair ontamination values extrated form Table (3.2), asfuntion of pair momentum. The explanation of the larger fration of aidentalpairs present in the 2002-2003 prompt sample are explained in the text.
3.8. K-FACTORS AND BREAKUP PROBABILITY 123The Vertial Hodosope resolution remained approximately onstant for theexperiment's lifetime, unlike the proton beam energy, whih was greater in 2002-2003 than in 2001. The more intensity, the larger aidental ontamination.Partially, this an also be explained in terms of the better performane of theFPGA-based T3 trigger [62℄, used until 2001, as ompared to the DNA/RNAT3 trigger [63, 81℄, used from 2002. The trigger onditions were degraded during2002 and 2003, reating a exess in the aidental pairs aepted by the spe-trometer, inreasing the amount of aidental pairs outside the prompt regionand leading to a overestimation of the aidental fration when the extrapola-tion to the prompt region is done.3.8 K-fators and Breakup ProbabilityThe onversion from integrated atom prodution signal to breakup probabilityis done by means of the so-alled K-fators, whih are dened as follows.Let us all SB(Ω) the measured ratio between the number of atoms NA andthe number of Coulomb pairs NC , both observed in the same kinematial region











(3.5)where the integral in the denominator extends over the desired Q-spae volume.













(3.6)For a retangular domain Ω in the (QT , QL) plane, the integration of theexpression (3.5) in ylindrial oordinates provides the values given in Tables(3.3) and (3.4)However, the atual K-fator whih must be taken into aount in the mea-surement (Kexp) diers from Kth due to experimental resolution [100, 101℄,whih is a funtion of the domain Ω and an only be alulated using theMonte Carlo.












and ǫC(Ω) = nrecC (Ω)
ngenC (Ω)
(3.9)dene the aeptane of the experimental apparatus as a whole for atoms andCoulomb pairs, respetively, in a given kinematial region Ω. The fators ǫAand ǫC are determined with high preision using Monte Carlo. They are ratiosbetween reonstruted output and generated input.For a given momentum interval, the measured values of Pbr should not de-pend on the atual domain Ω whih is hosen to perform the measurement, andthis partiular point will be studied in the following setions. The experimentalK-fator values do however exhibit a momentum dependene, a legay of theatomi and Coulomb eienes, whih we have analysed in detail.
3.8. K-FACTORS AND BREAKUP PROBABILITY 125Tables (3.3) and (3.4) show the theoretial and experimental K-fator valuesdetermined in the rst (2.6 ≤ p ≤ 3.2 GeV/) and seventh (6.2 ≤ p ≤ 6.8GeV/) bin interval, respetively, of the momentum-dependent t analysis, tobe desribed in Chapter (5). The momentum dependeny on Kexp is quite lear.
QcutT (MeV/c) K
theo ǫA ǫC K
exp0.5 3.2181 0.0194 0.0669 0.9305 ± 0.00641.0 1.2380 0.0521 0.0916 0.7046 ± 0.00241.5 0.6996 0.0787 0.1029 0.5349 ± 0.00132.0 0.4673 0.0951 0.1098 0.4050 ± 0.00082.5 0.3426 0.1045 0.1142 0.3135 ± 0.00053.0 0.2660 0.1096 0.1167 0.2497 ± 0.00043.5 0.2147 0.1125 0.1182 0.2043 ± 0.00034.0 0.1781 0.1143 0.1191 0.1709 ± 0.00024.5 0.1509 0.1154 0.1195 0.1458 ± 0.00025.0 0.1299 0.1161 0.1191 0.1267 ± 0.0002
QcutL (MeV/c) K
theo ǫA ǫC K
exp0.5 0.4336 0.0742 0.1145 0.2811 ± 0.00061.0 0.2387 0.1041 0.1171 0.2123 ± 0.00031.5 0.1669 0.1132 0.1184 0.1596 ± 0.00022.0 0.1299 0.1161 0.1191 0.1267 ± 0.0002Table 3.3: Numerial values of Ktheo and Kexp as dened in the text. Eahrow orresponds to a given retangular ut in (QT , QL) plane, with QcutT = 5MeV/ and QcutL = 2 MeV/ being the referene ut values. Ktheo values areobtained by integration of Eq. (3.5) in ylindrial oordinates. Only K-fatorvalues from the rst momentum bin (2.6 ≤ p ≤ 3.2 GeV/) of the 2001 94
µm data sample are shown. ǫA and ǫC are also shown for illustration.
126 CHAPTER 3. ANALYSIS METHODWe do not aim to show all involved K-fators in the analysis, sine the sevenmomentum bins of the analysis and the ve data sets produe 35 dierent tables.These values have been taken into aount in the determination of the breakupprobability in Chapter (5).
QcutT (MeV/c) K
theo ǫA ǫC K
exp0.5 3.2181 0.0621 0.2258 0.8855 ± 0.00121.0 1.2380 0.1145 0.2155 0.6577 ± 0.00051.5 0.6996 0.1645 0.2310 0.4982 ± 0.00032.0 0.4673 0.2000 0.2437 0.3835 ± 0.00022.5 0.3426 0.2208 0.2557 0.2957 ± 0.00013.0 0.2660 0.2323 0.2622 0.2356 ± 0.00013.5 0.2147 0.2389 0.2670 0.1921 ± 0.00014.0 0.1781 0.2431 0.2701 0.1603 ± 0.00014.5 0.1509 0.2459 0.2729 0.1360 ± 0.00005.0 0.1299 0.2481 0.2751 0.1172 ± 0.0000
QcutL (MeV/c) K
theo ǫA ǫC K
exp0.5 0.4336 0.1557 0.2594 0.2602 ± 0.00011.0 0.2387 0.2206 0.2675 0.1969 ± 0.00011.5 0.1669 0.2412 0.2728 0.1475 ± 0.00002.0 0.1299 0.2481 0.2751 0.1172 ± 0.0000Table 3.4: Numerial values of Ktheo and Kexp as dened in the text. Eah roworresponds to a given retangular ut in (QT , QL) plane, with QcutT = 5 MeV/and QcutL = 2 MeV/ being the referene ut values. Ktheo values are obtainedby integration of Eq. (3.5) in ylindrial oordinates. Only K-fator values fromthe seventh momentum bin (6.2 ≤ p ≤ 6.8 GeV/) of the 2001 94 µm datasample are shown. ǫA and ǫC are also shown for illustration.
3.9. K+K− CONTAMINATION 1273.9 K+K− ContaminationThe Coulomb interation is muh stronger for K+K− than for π+π−, at thesame Q value. This is beause of the dierent Bohr radius in the Coulombwave funtion (AC(Q)), 387 fm for the pionium and 109 fm for the K+K−.Although we expet a low level of K+K− ontamination in the sample, aninvestigation in two steps was done:
• First we have determined the ontamination fration r+K = K+K−/π+π−at low pair momentum (p = 2.9 GeV/c) to be r+K = (2.38 ± 0.35) × 10−3,using standard physis triggers2, by means of the TDC information ofupstream detetors (SFD and IH) together with the Vertial HodosopesTDC [102℄.
• Seondly, a new measurement was performed at higher momentum us-ing Λ triggers and high preision Time-Of-Flight measurements from theVertial Hodosopes [103℄, whih permitted us to ompare the momentumderivative of rK with the predited by the UrQMDMonte Carlo, observinga very good agreement between them.3.9.1 Measurement of r+K at 2.9 GeV/The exlusive use of the Vertial Hodosopes information to measure the ratio
r+K = K
+K−/π+π− is not appropriate, sine the TOF detetor does not allowmass disrimination. However, upstream traks ontain time information storedin the TDC's of the Sintillanting Fiber Detetor and the Ionization Hodosopes.The time of ight ∆t is measured between upstream detetors SFD (SFD-X and SFD-Y) and IH (IH-XA, IH-XB, IH-YA and IH-YB) and the VertialHodosopes, dened as ∆t = tV H − tups, where the upstream time, tups, anbe onstruted by averaging N measurements among the 6 available detetors3,
tups = (1/N)
∑
i ti.The squared invariant mass M2i assoiated to every upstream single detetor
i an be determined in terms of every individual time measurement ∆ti =
tV H − ti:2The 2001 Ni data sample was used to determine the K+K− ontamination fration3In Ref. [72℄ it was reported that the IH-XB detetor has a wider TDC distribution andslightly dierent properties than the other hodosopes. No eort was made to inlude thisdetetor in the sunsequent analysis, in order to avoid any doubts.







) (3.10)where p is the momentum assoiated to the trak and L is the path length. Thepartile squared invariant mass M2 is obtained by appropriate averaging the Nindividual M2i measurements, M2 = (1/N)∑i M2i .The K+K− signal must be determined after a huge suppression of the π+π−bakground, and two methods are explored. In both ases a kinematial ut 1.4< p < 1.5 GeV/ is applied in every harged trak.
• Method A. The method A uses the three IH detetors to perform aveto in the pion mass, and the measurement goes to the SFD detetor.Dierent riteria M2L < M2i < M2H in the lower M2L ut were applied, toobtain rst the pion squared invariant mass resolution, R(x). Fig. (3.7)shows the kaon squared-mass, of about the same size as that observedfor the pion. As expeted, lowering the ut M2L results in inreasing pionbakground, and the opposite eet is observed by setting higher valuesof M2L. The K+K− signal is however not unnafeted by the M2L values,due to the aeptane variations implied by the pion veto.Then, a maximum likelihood t is performed to the entire mass spetrafor 8 dierent hoies of M2L, with a generi number of events N in thet. The probability density for an event with mass M2i is given by theexpression:








(1 − α)R(M2i − M2π) + αR(M2i − M2K) (3.12)over the N events involved in the t, as a funtion of α, provides thenumber of K+K− pairs N(K+K−) = αN .

































Figure 3.7: Average squared invariant mass of partile pairs measured fromTDCs of SFD X-Y aording to expression (3.10). All individual hit measure-ments M2i assoiated to any of the two upstream traks in IH detetors have beenrestrited to the indiated limits M2L < M2i < M2H . The results of the maximumlikelihood t are shown in eah ase, indiating the progression of the π+π−(green), K+K− (red) signals, and of the sum (blue), with dereasing lower limit
M2L. χ2 values are indiated only for referene.
130 CHAPTER 3. ANALYSIS METHODThe kaon resolution funtion is not entirely ontained within the interval(M2L, M2H), and the K+K− signal eieny is then a alulable funtionof the lower limit M2L. Its parametrization is desribed by the aeptaneprobability A(M2L), given by:
A(M2L) = ǫ
6−3s(1−s)2−2[3s2(1−s)]−3s2] (3.13)where ǫ = ∫∞M2
L
R(x)dx, being s the average probability that both partilesinterset the same IH slab, so, the last three terms in the exponentialrepresent the probability of single, double or triple same-slab oindidenesin the three ative detetors, respetively. This exponent is auratelydetermined with real data, happening to be 5.14, whih orresponds to
s = 0.30.Fig. (3.8) shows the funtion A(M2L), whih desribes the K+K− signalfound for the eight lower M2L uts, 0.2, 0.17, 0.15, 0.14, 0.13, 0.10, 0.08,0 and -0.1 (GeV2/4)4. The plateau value orresponds to N(K+K−) =61 ± 10 events. Taking into aount the total number of π+π− pairs in-volved in this analysis, N(K+K−) an be onverted into the ratio ǫK =
N(K+K−)/N(π+π−) = 0.238 ± 0.035 %, whih is the K+K− ontami-nation fration alulated at low momentum.
4The upper limit, 0.5 GeV2/4, remained onstant in all this analysis.
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N(K+K-)
ML2(GeV
2/c4)Figure 3.8: Number of K+K− pairs determined from the maximum likelihoodt of the funtion (3.11), over the eight lower M2Luts, 0.2, 0.17, 0.15, 0.14,0.13, 0.10, 0.08, 0 and -0.1 (GeV2/4). The ontinuous line shows the funtion
A(M2L) multiplied by N(K+K−) = 61 events.
132 CHAPTER 3. ANALYSIS METHOD
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Figure 3.9: Squared invariant mass alulated for pairs measured without pionveto, from the average of all upstream detetors traks in IH and SFD. Noattempt has been made to redue the π+π− bakground (red), whih is desribedby the double parametrization desribed above. Fit results, indiated in Table(3.5), are shown for the K+K− signal (blue) and for the sum (purple).
3.9. K+K− CONTAMINATION 133The squared invariant mass t to this double parametrization produesthe results summarized in Table (3.5). Fig. (3.9) shows the doubleparametrization applied to the squared invariant mass distribution. Thetted number of K+K− pairs is 65 ± 10, and is highly ompatible withthe value obtained in method A.
Mπ 0.0188 ± 0.0014 GeV 2/c4
a1 201 ± 18
a2 -462 ± 181
a3 511 ± 508
b1 199 ± 8
b2 -137 ± 46
b3 -650 ± 92
α 0.9975 ± 0.0004
Nk 65 ± 10
ǫk(%) 0.253 ± 0.038
χ2/ndf 69.57 / 55Table 3.5: Fit values obtained for the parametrization desribed above, obtainedfor the mass measurement without pion veto, using all IH and SFD upstreamdetetors, following method B, desribed in the text.































Figure 3.10: Resolution funtion for the positive upstream squared mass M2+,obtained from a parametrization tted to the experimental π+π− data. The peakvalue has been displaed to three dierent mass hypotheses, in order to appreiatethe eet of the uts desribed in the text.5The upper limit for IH-XB is 0.7 GeV2/4, sine its dierent behaviour from all IH's, asreported in Ref. [72℄

























 (3.15)where the K+ masss hipothesis in the opposite arm has now been hosen. Thespetrum with full statistis is shown in Fig. (3.11), where four enhanementsan be observed, whih we attribute in priniple to π+π−, K−p, K+K−, and





AαGα(x − x0α, σα) + AbGb(x − x0b, σb) + BP4(x) (3.16)where x = M2− and Gα(x) represent normalized Gaussian funtions with peakvalue at x = x0α and width σα desribing the π+π−, K+K− and π+K− signalsfor α = 1, 2, 3, respetively. Similarly Gb(x) is a Gaussian desribing the bak-ground broad struture in the neibourghood of the K−p signal. An additionalsmooth bakground is desribed by the normalized fourth order polynomial
P4(x) = (1 +
∑4
i=1 cix
i)/I4 where I4 = ∫ x2x1 (1+∑4i=1 cixi)dx is the normalizationintegral. The signal event rates are then provided by the oeients Aα.The parameters x0α, σ2 and σ3 were determined independently, and re-mained xed in the t proedure. The rest (σ1, σb, Aα, Ab, B,ci) were leftfree. The loation of the x0α peaks was determined by seleting signal eventsunder the peak with the orret mass hypothesis and projeting them into theunorret hypotheses, in order to evaluate the mass shift.Table (3.6) and Fig. (3.11) show the t results.


















Figure 3.11: Spetrum of squared negative mass M2− measured with VertialHodosopes under K+ mass hypothesis, for the omplete 2001, 2002 and 2003proton-Nikel data sample with Lambda triggers. The maximum likelihood tis explained in the text. The signiane of the K+K− signal at average pairmomentum p = 4.8GeV/c is indiated.




























= 22942 × 1
0.6514



















= 5.8 × 10−3 (3.19)
3.9.3 Comparison with UrQMD Monte CarloFor a better understanding of the momentum dependene of the K+K− signal,the prodution ofK±π∓ and the semi-inlusiveK+K− [103℄ were investigated indetail, and have been ompared with a spei Monte Carlo model, the UrQMD[104℄. As a result of our study, a very good agreement was found between ourDIRAC data and UrQMD, partiularly onerning the momentum dependene.The basi approah has been to fully simulate the K+K− ontamination asa funtion of the pair momentum, and inlude the simulated (QT , QL) spetrumin our standard χ2-analysis, as a modiation of the Coulomb π+π− spetrum.Generation of K+K− pairs is ahieved, in the enter-of-mass frame, by meansof the DIRAC atom pair generator (DIPGEN) [98℄ after modiation of theBohr radius in the Coulomb fator. Pairs are then boosted into the DIRAClaboratory frame, exploiting the input p distribution plotted in Fig. (3.3).
138 CHAPTER 3. ANALYSIS METHODThe predition of the UrQMD Monte Carlo was evaluated by running 2049million p-Ni events from the generator and seleting K+K− and π+π− pairswith the uts: 4.5o < θ < 7.0o, 1.3 GeV/c < p+− < 5.0 GeV/c and Q <
30MeV/c in the ππ hypothesis, where θ is the angle between the vetor sumof the partile momenta and the inoming proton diretion and p+− is themomentum of the positive or negative partile. The unorreted urve wasmultiplied by an aeptane eieny funtion determined separately after theGEANT-DIRAC proessing of K+K− pairs, in order to take into aount the
K± lifetime eet in the spetrometer aeptane.The UrQMD Monte Carlo predition an be appreiated in Fig. (3.12) as adotted line. At 2.9 GeV/c the rK ratio result is 0.56 (after Coulomb orretion),whih is larger than the experimental value by a fator 2.7. We have howevernormalized the Monte Carlo to the experimental value at 2.9 GeV/c. We thensee that very good agreement is found with respet to the data measured at
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Figure 3.12: Experimental measurements by DIRAC of the K+K−/π+π− ra-tio rK at two dierent values of the average pair momentum, 2.9 GeV/c and
4.8 GeV/c. The UrQMD Monte Carlo predition multiplied by a fator 0.37 isshown as the dotted line.
3.9. K+K− CONTAMINATION 139The Coulomb interation has a dierent magnitude for K+K− and π+π−pairs for a given kinematial domain, due to the dierent trigger strutureand uts applied in the analysis done at p = 2.9 GeV/ and p = 4.8 GeV/. Inaddition, the standard pionium lifetime determination uses dierent kinematialuts. A detailed study an be found in Ref. [103℄, where the average value ofthe Coulomb enhanement (Cππ and CKK) is dened for ππ and KK pairprodution ross setions.The above investigation onludes that a orretion fator that aountsfor the ratio R = CKK/Cππ must be enfored to the K+K− ontaminationfrations obtained for p = 2.9 GeV/ and p = 4.8 GeV/, resulting 0.845 and 1.23respetively. In onlusion, we nd that the ontamination frations relevantfor pionium analysis are, at 4.8 GeV/ based upon the UrQMD Monte Carloextrapolation, in agreement with the experimental data:
NKK
Nππ
= 5.8 × 10−3 × 1.23 = 7.2 × 10−3 (3.20)and, at 2.9 GeV/, aording to the Coulomb-orreted experimental measure-ment:
NKK
Nππ
= 2.38 × 10−3 × 0.845 = 2.0 × 10−3 (3.21)
140 CHAPTER 3. ANALYSIS METHOD3.10 SummaryThe analysis method and the pionium signal extration from the Monte Carlosimulation has been desribed in this Chapter. Speial attention has been paidto the Monte Carlo generator utilized for that purpose. We have disussed indetail the ontribution from aidental pairs in the prompt π+π− sample to bedetermined, together with the K+K− ontamination in the Coulomb spetra.Before takling the nal analysis, the Monte Carlo has to be optimized,together with the alignment of the spetrometer. Chapter (4) will deal withthese questions, and in Chapters (5) and (6), respetively, we will report theanalysis results and a omplete systemati error desription list involved in thedetermination of the pionium breakup probability.
Chapter 4Analysis ImprovementsThis hapter desribes all the new parametrizations introdued in the MonteCarlo to best desribe the real data, introduing two main dierenes betweenthe urrent analysis and the one presented in [92℄:
• (a) The simulation of the trigger response.
• (b) The momentum smearing in the Monte Carlo.These eets inrease by a 5% the breakup probability of the pionium in aNikel target. In addition, the suppression of the χ2 uts applied in the drifthambers provides a ∼30% statistis enlargement ompared to the previouslifetime determination [92℄.4.1 Alignment and TrakingBefore we an aomplish the Monte Carlo optimization of the present analysis,we need to perform some important modiations, related to the spetrometeralignment and the traking routines, suh as the QL alignment and the DC'strak seletion.4.1.1 Drift Chambers Trak SeletionOne of the rst stages for the o-line data seletion is the trak reonstrution,whih inludes a mathing between upstream and downstream traks. Veryearly software applied χ2 uts in the DC's trak seletion. This was motivatedby the lower quality of the alignment of the DC traks due to the diulty toline up so many planes with dierent stero angles, and the need to improve theondition of the DC traks, in order to selet the most trustable ones.141
142 CHAPTER 4. ANALYSIS IMPROVEMENTSThe present analysis proposes some enhanements motivated by the srt-lass status of the upstream traking employed in previous works [91, 92℄, whihhas reahed a notorious improvement in its quality. This revision was possibledue to the utilization of the GEM/MSGC detetor in suh previous works,granting the withdrawal of the χ2 uts applied in the DC's, besides determiningthe validity of the previously rejeted traks. This allows to aumulate 30%more statistis, whih represents 22000 atoms olleted instead of the previous17000, and a signiant improvement in the statistial error.
4.1.2 QL AlignmentThe power of the proposed analysis method underlies in desription of the two-dimensional QT and QL spetra, whih must be determined with the best prei-sion. The alibration of these two distributions is a ritial step, and speiallythe QL alignment must be performed in an iterative way. The QL alignmentis referred to the target position and must be aomplished assuming that thedrift hambers are well aligned with respet to the upstream detetors.To extrapollate the drift hambers traks to the upstream region, using themagnet polynomials, the trak momentum must be known. For this purpose, apoint before the magnet is required to determine the momentum at rst order.This vital point is the intersetion between the beam and the target, whihintrodued in the trak t, helps the polynomials to trail the trak inside themagnet, providing its momentum at rst order. Later, the upstream detetorsare exploited to give a orretion to the entire trak and its momentum.In a very early stage the QL distribution is reonstrutead without perfor-ming any alignment or orretion. A transverse low QT ut is applied in orderto enhane the Coulomb interation in the longitudinal Q spetrum, and QLis plotted to hek whether it is already aligned or not. Fig. (4.1) shows anon-aligned QL spetrum, where the Coulomb interation is not peaked norsimmetrial at zero. This onguration does not fulll the invariation underCP transformations, and therefore this motivated the allibration.
QL is reonstruted under the assumption of that every trak points to thebeam enter in the target. As an be seen in Fig. (4.1), the QL peak is slightlydisplaed to the left and it is needed to reloate the beam enter at the targetby moving it some milimeters to the right. Finally, after some iterations, weget to a point on whih we are pleased with the results, and QL is well aligned,as shown in Fig. (4.2).




















-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02Figure 4.2: QL distribution during the alignment. In this onguration QLseems to be properly aligned, but a more preise and detailed nal orretion asa funtion of the momentum must be performed to ensure, as muh as possible,the symmetry in QL.
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Figure 4.3: QL distribution in an intermediary stage of the alignment (blakhistogram) and after the appliation of a momentum dependent orretion in
QL (red histogram). Please note the optimum QL symemtry level aquired,where CP invariane an be satised, after the Coulomb interation is peakedat QL = 0.
4.2. MONTE CARLO OPTIMIZATION 1454.2 Monte Carlo OptimizationThis work summarizes the most important and inuential Monte Carlo featuresinvolved in the alulation of the pionium breakup probability in the DIRACexperiment. Some unpreedented aspets of this Monte Carlo are to be reportedhere, suh as the momentum smearing applied in the QL resolution and thesimulation of the trigger. Some other aspets were updated and their newestversion is presented here, as the double trak resolution.4.2.1 Double Trak ResolutionStraight-line traks reonstruted in the upstream detetors are extrapolatedto the IH in order to determine the slab interseted by the partile at eahdetetor plane. The information provided by the ADC (pulse-height) and TDCis inorporated to the trak, after appliation of several orretions, followingreferene [72℄, some of whih depend upon the longitudinal oordinate alongthe ounters.Speial attention is devoted at this point to single unresolved traks1 thatan be mathed to two DC traks. It is neesary to look for a double ionizationsignal in the IH detetor in order to establish their two-partile nature. We saythere is double ionization in one trak when:
• The trak is ollapsed in the X projetion and the IH-XA and the IH-XBshow a alibrated pulse above threshold (∼ 140 ounts).
• The trak is ollapsed in the Y projetion and the IH-XA and the IH-XBshow a alibrated pulse above threshold (∼ 140 ounts).
• The trak is doubly ollapsed and the four IH planes show a alibratedpulse above threshold (∼ 140 ounts).
1We dene a ollapsed trak in the X projetion as a double trak unresolved by theupstream planes GEM/MSGC-X, GEM/MSGC-XP and SFD-X; analogously for the Y pro-jetion. If the trak is not resolved in both projetions, then we say the trak is doublyollapsed.
146 CHAPTER 4. ANALYSIS IMPROVEMENTS4.2.2 Optimization of the Peak Sensing Ciruit in the SFDDetetorA deliate hallenge to the DIRAC reonstrution proedure arises from theresponse of the Peak Sensing Ciruit (PSC) eletronis of the sintillation berdetetor [2℄. The PSC algorithm provides eient detetion of double traksfrom time orrelated partile pairs (up to ∼5 ns time dierene) when the re-lative distane between the two traks is larger than the ber olumn pith.However, when adjaent ber olumns are rossed by two partiles simulta-neously, then the PSC algorithm leads to a suppression (by 20-40%) of thedeteted yield of double trak events. In suh ases a signal is deteted for onlyone of two hit olumns.









-30 -20 -10 0 10 20 30 40Figure 4.4: Distane between adjaent bers in the SFD-X detetor, after thesimulation of the PSC problem (red histogram) has oped with the real data de-pendene (blak histogram. The overrowded (∆N = 0) and the underpopulatedregions (|∆N | = 1) are symptomati of the PSC problem, showing the SFDdetetor ineiene for very lose traks.
4.2. MONTE CARLO OPTIMIZATION 147The distorsion aused by this eet in lose-pair eieny at small distanes(below 3 mm) is largely diminished when the previously desribed GEM/MSGCupstream traking is used, where only one SFD hit (in X or Y projetion)is required to perform time tagging, the trak being atually measured byGEM/MSGC hits having stereo angles.The Monte Carlo needs to be optimized to simulate the orret amount ofPSC present in the real data. When two hits ross the same slab in the SFDdetetor, there is a high probability to loose one of the two signals. This an beobserved in Figs. (4.4) and (4.5), where the PSC simulation has oped with thereal data dependene. Figs. (4.4) and (4.5) show the distributions in X and Yof the distane between the bers in the sintillation ber detetor. The zerodistane ber ∆N = 0 is overrowded, whereas a distane between bers ofone unit is underpopulated, |∆N | = 1. These two features exhibit the detetorineiene.
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e between adjaent bers in the SFD-Y detetor, after thesimulation of the PSC problem (red histogram) has oped with the real data de-pendene (blak histogram. The overrowded (∆N = 0) and the underpopulatedregions (|∆N | = 1) are symptomati of the PSC problem, showing the SFDdetetor ineiene for very lose traks.












-25 -20 -15 -10 -5 0 5 10 15 20 25Figure 4.6: Eet of the trigger simulation in the QL shape. The red histogramrepresents the QL distribution in whih the simulation of the trigger responsewas not applied, whereas the blak histogram displays the QL distribution afterthe inlusion of the trigger simulation. An exellent agreement between bothdistributions an be observed.






















0 1 2 3 4 5 6Figure 4.7: Eet of the trigger simulation in QX and QY . The red histogramrepresents the QX,Y distributions in whih the simulation of the trigger responsewas not applied, whereas the blak histogram displays the QX,Y distribution afterthe inlusion of the trigger simulation. The agreement is pretty good, as it anbe appreiated.









-25 -20 -15 -10 -5 0 5 10 15 20 25Figure 4.8: Eieny of the simulated and experimental triggers, as a funtionof QL. The red histogram orresponds to the experimental trigger eieny,whereas the blak histogram represents the trigger simulation eieny. Seetext for further details.


















0 1 2 3 4 5 6Figure 4.9: Eieny of the simulated and experimental triggers, as a funtionof QX and QY . The red histogram orresponds to the experimental trigger e-ieny, whereas the blak histogram represents the trigger simulation eieny.See text for further details.











2 − 2xy cos θ (4.1)By squaring both sides of this equation a rotated hyperbola an be found, witha physial arm in the positive quadrant of (x, y) plane:








Figure 4.10: Diagram of the lambda trigger employed in this phase of the ana-lysis. Due to the kinematis of the Λ deay, dierent slabs of the Vertial Ho-dosopes are used in the positive and negative arms.
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) (4.3)where x0 = √M2π + x2 and y0 = √M2p + y2. δx and δy are the π− and protonmomentum errors, respetively. The lowest order nite angle orretion to thisexpression arises from a term +x2y2θ2(δθ)2. To make sense that (4.3) is exatat the perent level, a suitable upper ut on QT (atually a θ ut) must be doneon lambda seletion.
154 CHAPTER 4. ANALYSIS IMPROVEMENTS4.2.4.2 Seletion of Lambda EventsThe same upstream pattern reognition used for π+π− prompt pair seletionwas required here to selet lambda events. Consequently only traks pointingto the beam intersetion with the target within a 3σ resolution window in thetransverse plane (XY ) were reonstruted. This employment of the upstreampattern reognition auses a bias in lambda seletion, favoring the enhanementof the signal at a short deay path, although we have deided to maintainthe same traking onditions as for π+π−, as far as possible. However somesupplementary onditions are required for lambda triggers:
• A more restritive time dierene t1 − t2 between positive and negativetraks in the vertial hodosope is applied, 0 < t2 − t1 < 1.3 ns.
• The point of losest approah between the two traks is assigned to bethe deay vertex, being Pv the probability of trak intersetion at thatspei point. Only events with Pv larger than 1% are seleted.
• A ommon trak probability Pt is also dened as the sum of the twoseparated χ21,2 traks, χ2 = χ21 + χ22. Pt is required to be larger than 1%.The lambda invariant mass is then alulated aording to expression (4.1),minding the error introdued in the vertex displaement, the parallax error in θ.Fig. (4.11) shows a satter plot of individual trak momenta (π− and proton)versus the invariant mass reonstruted in the momentum range overed byour analysis. The mass projetion of this satter plot an be admired in Fig.(4.12), together with the average mass resolution extrated, resulting to be 0.338
± 0.001 MeV/2.Fig. (4.13) presents the seleted lambda events in the (QL, QT ) plane. Asexpeted, they lay on a irular oronna whose width is determined by the massresolution. To guarantee that the latter is only determined by the QL resolution,the exploitation of a ut QT < 20 MeV is suient, and in onsequene therelation (4.3) is fullled.4.2.4.3 Maximum LikelihoodWe onsider that the momentum error δp (for both pion and proton traks)arises from the quadrature of two omponents, aording to the expression:
(δp)2 = (Ap)2 + (Bp2)
2 (4.4)

















Figure 4.11: Satter plot representing the measured invariant mass (under pπ−hypothesis) versus positive (pink olour) and negative (blak) trak momenta,for lambda triggers. A lear momentum gap an be appreiated, due to lambdadeay kinematis and vertial hodosope time uts.
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Figure 4.12: Invariant mass spetrum obtained from the projetion of the satterplot in gure 4.11. A Gaussian t with linear bakground is also shown forreferene, with σ = 0.338 MeV/c2, and Mpπ = 1.1156 GeV/c2.This momentum dependene arises from the assumption that multiple satteringerror sales as 1/p, whereas intrinsi detetor resolutions are assumed to bemomentum independent. The rst term, proportional to p, depends on intrinsitraking detetor resolutions at both sides of the dipole (DC's, GEM/MSGCand SFD). The seond term, proportional to p2 reeives ontribution from theaverage material thikness of detetor elements upstream and downstream themagnet.As a onsequene of the kinematis of lambda deays, the negative pionaquires a lower momentum than the average π+π− prompt traks in DIRACphysis triggers, whereas the proton momentum is higher than this average,





















Figure 4.13: Longitudinal (QL) versus transverse (QT ) momentum in the lambdaenter-of-mass frame, with respet to its diretion of ight. Lorentz transforma-tion is done under pπ− hypothesis. A mass ut 1114.0 < Mpπ (MeV/c2) <
1116.5 has been applied.as it an be appreiated in Fig. (4.11). This is almost the ideal situation2 toperform a momentum analysis of the spetrometer resolution, speially if weuse low angle pairs, with a topology as lose as possible to that of the Coulomb
π+π− pairs.The maximum likelihood method ts the expression (4.3) from a sampleof lambda triggers whih not only ontains the signal but also introdues anon-resonant bakground, aused by the trigger noise.2The pion and proton momentum is well separated but aordingly there is a region wherethe resolution annot be diretly measured, and it needs to be extrapolated.










(4.5)where PN(p) = 1 + a1p + a2p2 + . . . is an nth order polynomial in p and G(M)is a Gaussian funtion that desribes the resonane:
G(Mi) = exp
(
− (Mi − MΛ)
2
2(δMi(A, B))2
) (4.6)where the error δMi(A, B) is given by the expression (4.3) evaluated at π− (xi)and proton (yi) momenta of event i. The momentum unertainty δp is given by(4.4) as a funtion of momentum, with idential A and B parameters for bothpartile types. The polynomial PB(p, M) denes the bakground as a linearmass expression: PB(p, M) = 1 + b1M + b2p. The orresponding normalizationintegrals SN , SG and SB must be alulated for eah parameter hoie, so thatthe likelihood funtion is normalized to unity in the domain (p1, p2)× (M1, M2),where p1,2 are the lower and upper total momentum uts (similarly M1,2 for theinvariant mass).The maximum likelihood parameters are found minimizing the funtion:




lnLi(A, B, MΛ, α, ak, bl) (4.7)where N represents the number of lambda triggers that enters the t, and Li isthe likelihood funtion evaluated for event i desribed by the measured values
xi, yi, Mi and pi.The overall likelihood L for N lambda events signiantly inreases wheneah measured proton momentum yi is replaed in expression (4.3) for δMi, byone of the hyperboli solutions of equation (4.2), orresponding to the measured
π− momentum xi. This is equivalent to take advantage of the lambda massonstraint in momentum saling of δp (4.4), together with the fat that π−momentum has always the smallest error.A straightforward proedure is to determine rst the ak and bl oeientsof the polynomials, by performing a t to the bakground only. One theseparameters are xed, MΛ, α, A and B an be left free in the nal t. Allminimizations were performed with the MINUIT program [105℄.
4.2. MONTE CARLO OPTIMIZATION 159Table (4.1) summarizes the t values obtained after minimizing the expres-sion (4.7). Fig. (4.14) represents the graphial version of the formula (4.4),where the funtion δp/p was onstruted from the A, B values provided by thet. These A and B values were obtained for real data, and two versions of theMonte Carlo were utilized to vrify the results, with and without smearing inmomentum. For illustration we only show the 2001 Lambda data, aompaniedwith the 2001 94 µm 24 GeV/ Monte Carlo. The agreement is pretty goodafter the appliation of the momentum smearing.Table 4.1: Parameters obtained for the maximum likelihood t to the experi-mental lambda sample of 2001, as dened in the text. Quoted errors orrespondto variation of 0.5 units of the likelihood funtion.A (0.2728 ± 0.0027) ×10−2B 0.215+0.024−0.023 ×10−3 GeV −1
MΛ 1115.6 ± 0.0001 MeV/c2
α 0.529 ± 0.005
b1 12.8 ± 1.9
b2 -0.047 ± 0.009
a1 -66.014 ± 0.048
a2 36.205 ± 0.007
a3 -7.3399 ± 0.0009
a4 0.65470 ± 0.00002
a5 -0.02176 ± 0.00001











0 1 2 3 4 5 6Figure 4.14: Relative momentum error δp/p as funtion of trak momentum.The red ontinuous line represents the parametrisation √A2 + B2p2 tted to ex-perimental lambda data. The yelow band represents ±1σ variation of the para-meters. Blak dots indiate resolution of standard π+π− Monte Carlo (only 200194 µm 24 GeV/ is shown here). Blue dots orrespond to a Monte Carlo simu-lation with the introdution of a Gaussian smearing in momentum of 0.66×10−3[(GeV/)−1℄.
4.2. MONTE CARLO OPTIMIZATION 1614.2.4.4 Two Gaussian MethodThe proedure to determine the suitable momentum smearing required for theMonte Carlo starts from the measurement of the lambda mass resolution forreal data. The higher the auray in the determination of this lambda massresolution, the better the measurement of the pionium breakup probability thatan be ahieved. In order to preisely determine the Lambda mass resolution,a two-Gaussian analysis method was performed, motivated by the asymmetryof the lambda mass distribution plotted in Fig. (4.12).The left slope of the invariant mass is steepper than the right, beauselambda events exhibit a nite deay path (around 8 m) due to their lifetime,ve orders of magnitude larger than pionium, whih an only y some fewmm before breakup. This produes a bias in the pattern reognition, whihunderestimates the lambda deay angle by granting the target as their deayvertex. Although the real deay position is alulated in the lambda analysis,the bias in the pattern reognition is still present, yielding an asymmetri tail.After reonstruting the lambda invariant mass from the expression (4.12)we dene a F funtion to determine the resolution in the lambda mass, asfollows:
F = Pol + G1 + G2 (4.8)being:
























Pol is a linear polynomial whih desribes the bakground of the squaredmass distribution. G1 is a Gaussian funtion whose parameters A3, A4 and A5will determine the area embraed, the mean value and the width of the squaredlambda mass or, in other words, its lambda mass value and resolution, whereas
G2 is introdued to aount for the left slope of the squared mass distribution.
162 CHAPTER 4. ANALYSIS IMPROVEMENTSThe G2 parameters represent the ratio between the areas of the two Gaus-sian funtions, the shift in the lambda mean value (with respet to the mainGaussian) and the ratio between both resolutions.One we have determined the parameters A6, A7 and A8 for real data, weimpose them to the Monte Carlo. We have used an iterative method to deter-mine the suitable quantity of momentum smearing in the Monte Carlo, sine itsappliation has to be done at the n-tuple level, after introduing a very smallorretion in the momentum value, replaing the older momentum by the newer,as follows:
P → P (1 + 0.00066 [(GeV/c)−1] P ) (4.12)This an be done with relative simpliity and it is ahieved when the lambdaresolution is the same in the Monte Carlo and in the real data.In Fig. (4.15) we an observe the Lambda mass distribution tted withthe two-Gaussians method, aording to Eq. (4.8). The real lambda triggerswere initially tted to that 8-parameter funtion, where A5, A6 and A7 wereenfored to the Monte Carlo without smearing in momentum (Fig. (4.15))and to the Monte Carlo with a Gaussian smearing in momentum of 0.66×10−3[(GeV/)−1℄, the suitable option for this analysis (Fig. (4.16)). One shouldnotie the optimal agreement in the lambda mass resolution obtained for thisamount of momentum smearing and real data.Note that the sale in Fig. (4.12) runs from 1.1081 to 1.1222 GeV/2 whereasin Figs. (4.15) and (4.16) runs from 81 to 222 GeV/2. This resaling was doneto obtain a better t resolution in the lambda mass, sine in the former ase thet produes a 1.1156 ± 0.0001 GeV/2 lambda mass, while in the seond ase,the lambda mass t brings out a value 1115.689 ± 0.011 MeV/2, both obtainedfor Monte Carlo. This an be ompared to the 1115.683 ± 0.006 MeV/2 valueof the bibliography, showing the exellent agreement between them.In summary, we have performed a lambda mass likelihood t whih produeda lambda mass value 1.1156 ± 0.0001 GeV/2 and a lambda mass resolution0.338 ± 0.001 MeV/2. We also have aomplished a two-Gaussian χ2 t pro-duing a lambda mass 1115.689 ± 0.011 MeV/2, with a resolution 0.324 ±0.001 MeV/2. We have deided to adopt this latter method to determinethe momentum smearing introdued in the Monte Carlo simulation, sine itprodues the best Monte Carlo desription of the lambda mass distribution. Inaddition, it produes the best math of the lambda mass to the bibliographyvalues.
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Figure 4.15: Lambda mass distribution tted following Eq. (4.8), where twoGaussian were used to determine the Lambda mass resolution. The upper gureorresponds to real data whereas the lower gure is the Monte Carlo withoutmomentum smearing. Note the larger value of the Lambda mass resolution,parameter A5, for real lambda triggers.
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Figure 4.16: Lambda mass distribution tted following Eq. (4.8), where twoGaussian were used to determine the Lambda mass resolution. The upper gureorresponds to real data whereas the lower gure is the Monte Carlo with thesuitable momentum smearing employed in this analysis. Please note that thesame Lambda mass resolution is aomplished with this momentum smearing,orresponding to a onvoluted 0.66×10−3 [(GeV/)−1℄ Gaussian smearing in thesimulated momentum resolution distribution.
4.3. SUMMARY 1654.3 SummaryIn this Chapter we have disussed the improvements arried out in the frameof the alignment and traking of the spetrometer, together with the MonteCarlo optimization. The Monte Carlo tuning has permitted us to get a betterdesription of the former, inluding two very important enhanements, suh asthe momentum smearing and the simulation of the trigger, that were never beenintrodued before the present work.The improvement of the analysis disussed in this Chapter allows us toobtain an optimal desription of the experiment, providing the appropriate toolsto perform an aurate breakup probability determination of the pionium, tobe desribed in the following Chapter.
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Chapter 5Pionium Lifetime
5.1 Fit Method and Breakup ProbabilitiesThe real data olleted by the DIRAC spetrometer during 2001, 2002 and2003 were splitted in ve dierent sets, aording to the dierent Nikel targetthiknesses (94 and 98 µm) and to the proton beam intensities (20 and 24GeV/). Three separate Monte Carlo samples were employed to desribe theseve data sets, as summarized in Table (5.1).Year Target thikness Beam Energy Real Data Monte Carlo2001 94 µm 24 GeV/ 2001 94 µm 94 µm 24 GeV/2001 98 µm 24 GeV/ 2001 98 µm 98 µm 24 GeV/2002 98 µm 20 GeV/ 2002 20 GeV/ 98 µm 20 GeV/2002 98 µm 24 GeV/ 2002 24 GeV/ 98 µm 24 GeV/2003 98 µm 20 GeV/ 2003 20 GeV/ 98 µm 20 GeV/Table 5.1: Dierent real data and Monte Carlo sets utilized in the pioniumlifetime determination, justied by the two target thiknesses and beam energiesinstalled in the experiment.We have split the π+π− pair momentum in seven regular slies of 600 MeV/from 2.6 to 6.8 GeV/, whih ensures for eah bin that the non-linear ontribu-tion in the linear approximation of the breakup probability is negligible. Thebreakup probability is extrated from 35 independent ts orresponding to theseven slies of momentum and the ve data sets, by minimizing the expre-ssion (3.1), whih runs over a two dimensional grid of |QL| < 15 MeV/c and
|QT | < 5 MeV/c, with bin enters loated at values (QiT , QjL) and uniform binsize ∆QT = ∆QL = 0.5 MeV/c. 167
168 CHAPTER 5. PIONIUM LIFETIMEThe only two free parameters in Eq. (3.1) are the number of detetedatomi pairs (nrecA ) and the fration between non-Coulomb and Coulomb pairs(N recNC/N recCC). The total number of reonstruted pairs produes a onstraintsuh that Npr(1−ωacc) = N recCC +N recNC +nrecAA, where ωacc represents the frationof aidental pairs present in the prompt sample.One the t has onverged, the atom signal is dened in eah (i, j) bin asthe dierene between the prompt spetrum and the Monte Carlo with the pio-nium (AA) omponent removed (CC+NC). This two dimensional signal showsthe exess with respet to the alulated Coulomb interation enhanementbakground at very low QL and QT , whih is the pionium spetrum.
QcutT (MeV/c) K
theo ǫA ǫC K
exp0.5 3.2181 0.0194 0.0669 0.9305 ± 0.00641.0 1.2380 0.0521 0.0916 0.7046 ± 0.00241.5 0.6996 0.0787 0.1029 0.5349 ± 0.00132.0 0.4673 0.0951 0.1098 0.4050 ± 0.00082.5 0.3426 0.1045 0.1142 0.3135 ± 0.00053.0 0.2660 0.1096 0.1167 0.2497 ± 0.00043.5 0.2147 0.1125 0.1182 0.2043 ± 0.00034.0 0.1781 0.1143 0.1191 0.1709 ± 0.00024.5 0.1509 0.1154 0.1195 0.1458 ± 0.00025.0 0.1299 0.1161 0.1191 0.1267 ± 0.0002
QcutL (MeV/c) K
theo ǫA ǫC K
exp0.5 0.4336 0.0742 0.1145 0.2811 ± 0.00061.0 0.2387 0.1041 0.1171 0.2123 ± 0.00031.5 0.1669 0.1132 0.1184 0.1596 ± 0.00022.0 0.1299 0.1161 0.1191 0.1267 ± 0.0002Table 5.2: Numerial values of Ktheo and Kexp as dened in referene [106℄,obtained for our improved Monte Carlo simulation. Eah row orresponds toa given retangular ut in (QT , QL) plane, with QcutT = 5 MeV/ and QcutL =2 MeV/ being the referene ut values. For simpliity, only values orrespon-ding to the rst momentum bin (2.6 ≤ p ≤ 3.2 GeV/) of the 2001 94 µmdata sample are shown. Atomi and Coulomb eienes, ǫA and ǫC , dened inEq. (3.9) are also shown for illustration.
5.1. FIT METHOD AND BREAKUP PROBABILITIES 169The breakup probability of the pionium Pbr is then determined by means ofthe K-fators dened in (Eq. (3.7), (3.8) and (3.9)). Experimental K-fatorswere alulated for eah of the ve dierent sets of real data dened earlier, andare required in the Pbr measurement.Table (5.2) shows these alulated experimental K-fators involved in thebreakup probability measurement. For the sake of simpliity, only K-fatorsorresponding to the rst momentun bin of the analysis (2.6 ≤ p ≤ 3.2 GeV/)for the data sample 2001 94 µm are shown. The remaining thirty four tablesare also employed to aomplish the total 35 momentum-dependent ts of thepionium breakup probability. The t results are summarized in Tables 5.3, 5.4,5.5, 5.6 and 5.7.p (GeV/) Pbr Atom pairs Coulomb pairs χ2/ndf
2.6 − 3.2 0.4546 ± 0.0455 1039 ± 90 17427 ± 378 258/298
3.2 − 3.8 0.4087 ± 0.0352 1369 ± 105 26200 ± 438 285/298
3.8 − 4.4 0.4350 ± 0.0399 1193 ± 97 21896 ± 402 308/298
4.4 − 5.0 0.4946 ± 0.0463 1036 ± 85 16913 ± 348 266/298
5.0 − 5.6 0.4439 ± 0.0554 666 ± 73 12256 ± 301 281/298
5.6 − 6.2 0.4507 ± 0.0662 463 ± 60 8443 ± 252 404/298
6.2 − 6.8 0.4087 ± 0.0841 254 ± 47 5106 ± 207 325/298Table 5.3: Breakup probabilities, number of atomi and Coulomb pairs and χ2of the t alulated for seven momentum bins from 2.6 to 6.8 GeV/ for the2001 94 µm sample.p (GeV/) Pbr Atom pairs Coulomb pairs χ2/ndf
2.6 − 3.2 0.4239±0.0753 382±59 6990±253 294/298
3.2 − 3.8 0.4857±0.0629 622±70 10088±287 345/298
3.8 − 4.4 0.4762±0.0682 510±64 8514±264 273/298
4.4 − 5.0 0.4762±0.0747 405±56 6912±237 327/298
5.0 − 5.6 0.5132±0.0896 307±47 4894±183 293/298
5.6 − 6.2 0.6043±0.1234 232±41 3213±156 325/297
6.2 − 6.8 0.5432±0.1628 108±29 1656±106 300/290Table 5.4: Breakup probabilities, number of atomi and Coulomb pairs and χ2of the t alulated for seven momentum bins from 2.6 to 6.8 GeV/ for the2001 98 µm sample.
170 CHAPTER 5. PIONIUM LIFETIMEp (GeV/) Pbr Atom pairs Coulomb pairs χ2/ndf
2.6 − 3.2 0.4257±0.0587 561±68 10185±292 302/298
3.2 − 3.8 0.4615±0.0490 887±82 15220±346 301/298
3.8 − 4.4 0.4914±0.0538 799±76 13077±320 316/298
4.4 − 5.0 0.5289±0.0654 613±65 9376±274 286/298
5.0 − 5.6 0.4710±0.0733 394±53 6927±238 345/298
5.6 − 6.2 0.4901±0.0895 285±46 4836±184 324/298
6.2 − 6.8 0.5578±0.1394 163±35 2400±145 302/297Table 5.5: Breakup probabilities, number of atomi and Coulomb pairs and χ2of the t alulated for seven momentum bins from 2.6 to 6.8 GeV/ for the2002 20 GeV/ sample.p (GeV/) Pbr Atom pairs Coulomb pairs χ2/ndf
2.6 − 3.2 0.4355±0.0435 1100±96 19395±410 281/298
3.2 − 3.8 0.4216±0.0352 1560±115 29184±488 297/298
3.8 − 4.4 0.3910±0.0369 1243±105 25470±441 292/298
4.4 − 5.0 0.4751±0.0444 1112±92 19087±374 298/298
5.0 − 5.6 0.4481±0.0524 759±78 13916±332 302/298
5.6 − 6.2 0.5215±0.0677 589±66 9382±280 328/298
6.2 − 6.8 0.6464±0.1014 392±51 5008±222 333/298Table 5.6: Breakup probabilities, number of atomi and Coulomb pairs and χ2of the t alulated for seven momentum bins from 2.6 to 6.8 GeV/ for the2002 24 GeV/ sample.p (GeV/) Pbr Atom pairs Coulomb pairs χ2/ndf
2.6 − 3.2 0.2489±0.0655 211±51 6514±228 323/298
3.2 − 3.8 0.5155±0.0678 566±64 8679±266 339/298
3.8 − 4.4 0.5890±0.0764 529±58 7189±235 294/298
4.4 − 5.0 0.4839±0.0809 338±50 5696±206 291/298
5.0 − 5.6 0.4636±0.0939 237±43 4225±172 271/297
5.6 − 6.2 0.6477±0.1351 198±35 2544±145 308/295
6.2 − 6.8 0.5594±0.1553 105±26 1562±91 255/289Table 5.7: Breakup probabilities, number of atomi and Coulomb pairs and χ2of the t alulated for seven momentum bins from 2.6 to 6.8 GeV/ for the2003 20 GeV/ sample.









× 10−15 s. (5.1)Fig. (5.1) shows the maximun likelihood t performed to determine thepionium lifetime, in whih a ombination of real data sets and Monte Carlowas utilized through the 35 independent breakup probability measurementsmentioned in the previous setion.










172 CHAPTER 5. PIONIUM LIFETIMEA χ2 test was done to ross-hek the results. The DIPGEN generator wasused to perform a full sanning in the lifetime, from 1.0 to 7.2 fs, using thesefuntions as an input to the χ2 analysis. For every hypothesis of lifetime, a χ2test to the 35 independent breakup probabilities was done. Fig. (5.2) illustratesthe χ2 values alulated for every lifetime hypothesis used in this analysis. Asimple algorithm was used to nd out the mininum χ2 value, orresponding tothe best t of the pionium lifetime, resulting to be 25.85. To obtain the errorommitted, we performed one unit variation in the minimum χ2 value, lookingfor the two lifetime hypotheses whih satisfy χ2 = 25.85±1. This χ2 test yieldsa lifetime value in perfet agreement with the one produed by the maximumlikelihood t:










200 225 250 275 300 325 350 375 400Figure 5.2: χ2 test imposed to the 35 independent breakup probabilities involvedin the pionium lifetime determination. The urve shows the χ2 values alu-lated for the input lifetime hypothesis desribed in the text. Red line representsthe lowest χ2 value (25.85/34.), whereas the dotted lines represent a ±1 unitvariation in the χ2, to alulate the left (pink line) and right (blue line) error.The χ2 test produes a lifetime value τ = 3.15 ± 0.20 fs.































































2 < |QL| < 15 MeV/c
Figure 5.3: Two-dimensional pionium signal projetion onto QT . The data areshown separately for QL < 2MeV/c (left top) and QL > 2MeV/c (left bottom).The dierene between prompt data (dots) and Monte Carlo (blue line), whihorresponds to transverse pionium signal, is plotted (right) and ompared withthe pionium atom Monte Carlo (red line).














































Figure 5.4: Two-dimensional pionium signal projetion onto |QL|. A morerestritive QT < 2 MeV/c ut with respet to the standard QT < 4 MeV/c hasbeen applied to enhane the signal. The dierene between prompt data (dots)and Monte Carlo (blue line), whih orresponds to pionium signal, is plotted atthe bottom, where the signal is ompared with the pionium atom Monte Carlo(red line).
5.3. GRAPHICAL FIT RESULTS 175Fig. (5.5) illustrates the two-dimensional Coulomb subtrated π+π− orrela-tion funtion in the (QT , QL = |QZ|) plane, learly showing the pionium signal.
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Figure 5.5: Lego plot showing the pionium breakup spetrum in Ni in the
(QT , |QL| = |QZ|) plane, after subtration of Coulomb, non-Coulomb and ai-dental bakground.
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Figure 5.6: Lego plot showing the pionium breakup spetrum in Ni in the
(Q⊥, QL) plane, after subtration of Coulomb bakground. The transverse om-ponent, Q⊥ = QT cos φ, is dened as the produt of the measured QT valuetimes the osine of a random azimuth. The azimuthal invariane is ensured bythe absene of beam and target polarization.
5.3. GRAPHICAL FIT RESULTS 177A slight inrease of the measured breakup probability with inreasing pio-nium momentum is observed in Fig. (5.7) (data points), whih is a onsequeneof the longer deay path, and hene the greater breakup yield, expeted athigher atom momenta. The ontinuous urve represents the predited evolu-tion of the breakup probability with pionium laboratory momentum, for thevalue of the pionium ground-state lifetime τ = 3.15 × 10−15 s obtained fromthis analysis. This urve was onstruted using the DIRAC pion pair generator[98℄ where the average target thikness was utilized, alulated by means of theexpression:














Figure 5.7: The dependene of the measured breakup probability, averaged overall data sets, from the pionium laboratory momentum and the Monte Carlopredition orresponding to the ground-state lifetime of 3.15 × 10−15s obtainedfrom the best t.



























Figure 5.8: Stability of the average breakup probability with respet to the |QL|and QT upper limits of integration. Top: |QL| upper uts for QT < 5 MeV/cand bottom: QT upper uts for |QL| < 2 MeV/c.
5.4. SUMMARY 1795.4 SummaryThe data olleted by the DIRAC experiment were split into ve dierent datasets, and the pionium breakup probability was alulated for eah of them,using a momentum-dependent analysis. The breakup probability was shown tobe stable under dierent hoies of the upper limit in the integration region ofthe (QT , QL) spetrum.The pionium lifetime alulation was undertaken utilizing a maximum like-lihood t, performed over 35-independent breakup probabilities, produing τ =
(3.15+0.20−0.19)×10−15 s. A χ2-analysis was also performed as a ross-hek, resultingin τ = (3.15 ± 0.20) × 10−15 s.The integrated sample of atomi pairs shows a perfet agreement with thelongitudinal and transverse projetions of Q predited by the simulation, illus-trating the soundness of the method to determine the pionium lifetime.
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Chapter 6Systemati ErrorsThis hapter will provide a omplete desription of the systemati errors in-volved in the breakup probability and in the pionium lifetime determination.The most important are the multiple sattering in the target, the relation be-tween the breakup probability and the pionium lifetime and the momentumsmearing. Some other important systemati errors are related to the MonteCarlo simulation, suh as double trak resolution or K+K− admixture. Finally,some systemati errors whih were expeted to be larger, happened to be quitesmall, suh as the bakground hits in the upstream detetors or the triggersimulation.As a general proedure, the systemati error assigned to the breakup pro-bability of the pionium is omputed as the dierene in the breakup with andwithout the error or orretion under study, then divided by √12, orrespondingto a uniform distribution.6.1 Multiple Sattering in the TargetThe QT resolution is governed by the multiple sattering in the target, withadditional minor ontributions from multiple sattering in the upstream de-tetors. Sine this is the largest soure of systemati unertainty, we haveperformed a equivalent measurement of the multiple sattering in a 100 × 25mm2 layer, with exatly the same omposition to the Ni target, by plaing itbetween the third and fourth modules of the DC detetor, in the right arm ofthe spetrometer.The proedure is to measure the multiple satering angle in terms of theprojeted angle θ, just before and after the sample plane used in the analysis.The trak before the plane is dened by DC-1 and DC-3 modules, whereas the181
182 CHAPTER 6. SYSTEMATIC ERRORStrak reonstruted after the sample plane is dened by the intersetion pointof the rst trak and the DC-4 module. The rst distribution orresponds tothe intrinsi resolution of the DC detetor, and the seond has, in addition,the ontribution from the multiple sattering in the sample plane. After a de-onvolution method, the multiple sattering distribution an be extated, asshows Fig. (6.1).
Figure 6.1: Reonstruted traks before and after the sample Ni plane introduedbetween DC-3 and DC-4 modules. The drift hamber resolution (a) an be de-onvoluted from the distribution of partiles whih ross the Ni sample (b), thusextrating the multiple sattering () in the Ni sample, and its reonstrutiondistribution error (d).
6.2. TRIGGER SIMULATION 183In a later stage, the experimental multiple sattering distribution in the Nisample is tted to a 3-Gaussian funtion [107℄, extrating the eetive radiationlength X∗0 = 1.421 m, to be ompared to the nominal standard value X0 =
1.42336 m. This 1% of disrepany in the eetive radiation length is assignedas the maximun unertainty in the multiple sattering in the target. It shouldbe notied that this 1% unertainty is an upper limit beause not all pioniumpairs traverse the whole target thikness.The multiple sattering in the target is responsible of a ±0.0077 deviationin the pionium breakup probability, being the largest soure of systemati errorin the pionium breakup probability alulation.6.2 Trigger SimulationThe simulation of the trigger response together with the momentum smearingare the main features of the improved analysis presented here, whih represent,at the Monte Carlo level, the main distintion from the previous works [91, 92℄.They have played a onlusive role in the breakup probability determination,and in the subsequent lifetime measurement. The trigger simulation was exten-sively disussed in setion (4.2.3).A omprehensive simulation of the DIRAC trigger system was done. Forthe T1 runs olleted in 2002, we have reated an n-tuple olletion with tagsof experimental and simulated triggers, whose eieny dependene on QL and
QT is very similar. For the experimental trigger events, the eieny of thesimulated trigger was ∼98%, while for the simulated one, the fration of positivedeisions of experimental trigger is ∼97%.The pionium breakup probability was alulated with and without the simu-lation of the trigger, obtaining a shift in the Pbr of −0.016. The estimation ofthe systemati error due to the trigger simulation was aomplished throughthe relation S = ±| − 0.016| × 0.03 = ±0.0005, where 0.03 is the innaurayof the simulated trigger. We expeted that the simulation of the trigger ouldintrodue one of the dominant systemati errors in the pionium lifetime deter-mination, but nally it resulted to be the seond smallest unertainty.
184 CHAPTER 6. SYSTEMATIC ERRORS6.3 Double Trak ResolutionDouble ionization riteria in the IH is required when the upstream trakingdoes not distinguish two separated traks (in one projetion, X or Y) due to theintrinsi detetors double trak resolution or one of the traks lost by ineieny.If one single unresolved trak that points to two DC traks is found, a doubleionization signal in the IH detetor is required. A trak is showing doubleionization when the two interseted IH slabs presents a alibrated pulse abovea determined threshold (140 ounts) for the two projetions (X and Y).
Figure 6.2: Double ionization ut applied for real data. Single and double traksare learly separated by the ut.Fig. (6.2) shows the double ionization ut applied in real data. This utseparates the single and double ionization events deteted by the IonizationHodosope. This ut is seleted in order to remove the maximum number ofsingle ionization events without loseing double ionization traks. Attendingto the ollapse riteria desribed in setion (4.2.1), when a trak is ollapsedin the X projetion, a double ut is applied simultaneously in the IH-XA andIH-XB detetors, whih only allows less than a 3% of single ionization signalontamination. The proedure is analogous for the Y projetion.
6.3. DOUBLE TRACK RESOLUTION 185
Figure 6.3: Dierent double ionization uts applied for Monte Carlo. Colors arein orrespondene to the distint Pbr vs. QcutT distributions plotted in Fig. (6.4);the blak line orresponds to the double ionization ut applied for real data. Notethe neessity to hoose a Monte Carlo double ionization ut dierent from theone applied to the real data.At this point, the ratio between ollapsed and non-ollapsed traks is al-ulated. If this double ionization ut is enfored diretly to the Monte Carlo,the ratio between ollapsed and non-ollapsed traks is not the same as for realdata, so the Monte Carlo double ionization ut needs to be shifted to satisfythis ollapse riterion, as an be observed in Fig. (6.3).Several uts were inspeted for the Monte Carlo, and for all those tests thebreakup probability of the pionium was alulated as a funtion of the QT utapplied, as shown in Fig. (6.4). It should be notied that regardless of thedierent trends, all the urves essentially oinide at QT = 5 MeV/c, where thebreakup probability is alulated.
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Figure 6.4: Breakup probability versus QcutT for dierent double ionization utsapplied in the Monte Carlo. Note that despite the dierent trends of the distri-butions, the only important matter is the breakup probability alulating point,
QT = 5 MeV/c.After performing the breakup probability alulation for the several hoiesof the double ionization ut shown in Fig. (6.4), it was deided to assign thesystemati error assoiated in the following way. In the Monte Carlo, ve dif-ferent double ionization uts were applied (94, 102, 110, 118, 126), being 110the ut providing the same ratio between olapsed and non-olapsed traks, forreal data and Monte Carlo, and it was found that the maximum variation in thepionium breakup probability was 0.005. The variation in the uts applied arevery exaggerated (32 ADC ounts) and are not realisti, sine the ratio betweenollapsed and non-ollapsed traks varies too muh. A more realisti variationof 9 ADC ounts, whih is still very strong, produes a variation in the breakprobability of ± 0.0014, adopted as the systemati error ommitted in the Pbrdetermination.
6.4. K+K− ADMIXTURE 1876.4 K+K− AdmixtureThe K+K− ontamination was studied in detail in Chapter (3). The perentageof this ontamination in the prompt π+π− sample was determined at low (2.9GeV/) and high (4.8 GeV/) laboratory momentum values, although the formeris muh more onstraining and reliable, due to the higher statistis obtained,to the detriment of the latter, whih was performed with Λ triggers, instead ofstandard π+π− triggers, muh more numerous.Fig. (3.12) illustrates the low momentum measurement as the most advis-able value for the K+K− ontamination, whih is alulated within a relative15% of unertainty for 2.9 GeV/ (rK = (2.38 ± 0.35) × 10−3). The systematierror has been estimated by varying the K+K− ontamination by ±15%. Thissystemati error represents an unertainty of ±0.0011 in the pionium breakupprobability.6.5 Finite Size CorretionCoulomb pairs are generated using the theoretial Coulomb enhanement fun-tion of Eq. (1.11). This hypothesis assumes that the two pions of a Coulomborrelated pair are reated at zero distane. Of ourse this is not true and theparametrization needs some orretions whih reeive the name of nite sizeorretion.The simulation performed in this analysis inludes an option in the bak-ground generator, motivated by the work done in Ref. [50℄, whih proposes apossible orretion for AC(Q) of the order of 2 − 3%. This orretion an beexpressed by means of the following modied Coulomb enhanement funtion[108℄:
AfsC(Q) = AC(Q)(1.10017 − 0.0285((1 + (0.278 · Q)2)−0.421 − 1)) (6.1)where fs denotes nite size and AC(Q) (1.11) is the theoretial Coulomb en-hanement. The orretion aets the Coulomb pair spetra by inreasinghigher Q while dereasing lower Q, whih leads to a t with more Coulombpairs and fewer non-Coulomb pairs.
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Figure 6.5: Ratio between the standard Coulomb orrelation funtion given byEq. (1.11) and the orreted Coulomb fator proposed in [48℄, given by Eq.(6.1). Notie that the sale runs from 0.98 to 1.02. The average deviation fromthe unit aounts for a 0.099% .We have alulated the pionium breakup probability in the target withoutthis improved treatment (Pbr1) and we have also alulated it bearing in mindthe nite size orretion (Pbr2). The systemati error appointed to this improve-ment was judged to be ∆Pbr = (Pbr1 − Pbr2)/√12, whih means a systematierror of ±0.0011 in the pionium breakup probability in Ni.
6.6. MOMENTUM SMEARING 1896.6 Momentum SmearingThe momentum smearing desribed in Chapter (4) was introdued in the MonteCarlo to math the reonstruted lambda mass resolution of the real data. Inaddition, we have obtained, with a very high preision level, a lambda mass mea-surement very lose to the tabulated values, using a two-Gaussian t method.The impat of the momentum smearing in the pionium breakup probabilitywas omputed as the dierene of the breakup probability alulated with andwithout momentum smearing. The following expression took are of the smea-ring in momentum, introdued in setion (4.2.4):
P → P (1 + 0.00066 [(GeV/c)−1] P ) (6.2)This dierene resulted to be +9×10−3. In onsequene, we have assignedthis maximun deviation in the pionium breakup probability, divided by √12,as the systemati error ommitted, ±0.0026, whih represents the third largestsystemati error assoiated to the breakup probability measurement.6.7 Bakground Hits in the Upstream DetetorsThe systemati error assigned to the bakground in the upstream detetors wasalulated using two dierent QT and QL resolutions from Monte Carlo as afuntion of the pionium pair momentum:
QResL,T (i) = Q
Rec
L,T (i) − QGenL,T (i) (6.3)where QResL,T are the resolutions as funtion of the momentum p, QRecL,T are the
QL,T distributions reonstruted by the spetrometer, while QGenL,T orrespond tothe QL,T distributions after the target, both provided by the Monte Carlo. Index
i = 1, 2 denotes a QGenL,T distribution with a 20% of orrelated bakground andwithout orrelated bakground, respetively. Both distributions were generatedin aordane with the real data hit multipliity.Unorrelated bakground is reated by the Monte Carlo by means of randomhits generated in the upstream detetors. The orrelated bakground generatestraks oming from the intersetion point of the beam with the target, whihgo through the upstream detetors. Therefore, hits from these latter eventsare spatially orrelated with the interation point. In addition, requires thepresene of hits in the sintillating ber detetor.
190 CHAPTER 6. SYSTEMATIC ERRORSUsing this two QResL,T resolutions we have reated a 2D QL,T plot for atomi,Coulomb and non Coulomb pairs. The shift in the pionium breakup probabilitywas alulated with and without orrelated bakground, resulting to be verysmall, so we have deided to assign diretly this dierene to the systemati errorassoiated to the bakground hits in the upstream detetors, whih happens tobe ±0.0001.6.8 Target Impurity for 2001 94 µmThe eet in the breakup probability of the small impurity in the 94 µm Nitarget foil from elements of lower Z values was alulated in Ref. [111℄. Thiswork was used to perform a small positive orretion to the lifetime, and leadto a orretion fator appliable to the relation between the pionium breakupprobability and its lifetime, for eah momentum bin of the analysis.The target impurity aets only the relation between the breakup probabi-lity and the pionium lifetime, and its eet hanges the relation Pbr-τ in suha way that multiplying the obtained breakup probability by a fator 1.014 isompletely equivalent to use diretly the breakup probability measured withthe orret Pbr-τ relation.In order to hek a possible dependene of the Pbr orretion on the pairmomentum p, a simulation was done using the propagation ode [96℄ having
Al as target foil material. The ratio between both orreted by the targetimpurity and the pure target Pbr-τ relations, was plotted as funtion of p, andthe observed slope was 0.05/GeV . Given suh small value, we onsider a su-iently good approximation to apply the same orretion fator (1.014) in allmomentum bins.The systemati error assoiated to this orretion happens to be ±0.0013,after alulating the breakup probability with and without the fator orretionand dividing the shift in the breakup probability by √12, as orresponding toa uniform distribution.
6.9. BREAKUP PROBABILITY DEPENDENCEWITH PIONIUM LIFETIME1916.9 Breakup Probability Dependene with Pio-nium LifetimeThe breakup probability dependene with the pionium lifetime τ arries with itan impliit systemati error whih has been studied in extreme detail in severalworks by exatly solving the transport equations whih desribe the π+π− pairexitations/de-exitation, breakup and annihilation for several target materials[109, 110℄, as well as by simulating the pionium propagation inside the targetfoil [35℄. The preision reahed by these alulations is at the level of 1% [27℄,produing a ±0.0042 systemati error on the breakup probability for a lifetime
τ = 3.15 × 10−15 s.
Figure 6.6: Breakup probability funtion Pbr(τ) dependene on pionium lifetimefor the two target thiknesses employed in this analysis, 94 and 98 µm. For thesake of simpliity only the 24 GeV/ proton beam momentum is shown.
192 CHAPTER 6. SYSTEMATIC ERRORSA dierent funtion Pbr(τ, p) must be used for eah target due to the de-pendene of the breakup probability with the target thikness, as shown in Fig.(6.6). The funtions Pbr(τ, p) are further onvolved with the experimental mo-mentum spetra of the Coulomb pairs1 inside the seven momentum bins of theanalysis, ensuring that the non-linear dependene of the breakup probabilitywith the laboratory momentum is pratially negligible for eah momentumbin.
1Coulomb pairs are taken from prompt pairs in the ~Q extrapolation region, where thepionium signal is not present, after the non-Coulomb ontribution is subtrated from theprompt sample
6.10. SUMMARY OF SYSTEMATIC ERRORS 1936.10 Summary of Systemati ErrorsThe systemati errors involved in the breakup probability measurement thatwere studied in this hapter are summarized in Table (6.1). The overall sys-temati error was omputed adding in quadrature the ontributions from eahonsidered soure. This overall error is ±0.0095, whih must be propagatedto the lifetime alulation, and ombined with the statistial error from the tdesribed in Chapter (5).Soure of Systemati Error Pbr deviationMultiple Sattering in the Target ±0.0077Dependene of Pbr with Lifetime τ ±0.0042Momentum Smearing ±0.0026Double Trak Resolution ±0.0014Target Impurity Corretion for 2001 94 µm ±0.0013
K+K− Admixture ±0.0011Finite Size Corretion ±0.0011Simulation of the Trigger ±0.0005Bakground Hits in the Upstream Detetors ±0.0001Overall Systemati Error ±0.0095Table 6.1: Summary of the systemati errors involved in the alulation of thepionium breakup probability studied in this hapter.
194 CHAPTER 6. SYSTEMATIC ERRORS
Chapter 7Summary and ConlusionsThis work presents the new analysis method adopted to obtain the most au-rate and updated pionium lifetime determination by the DIRAC experiment atCERN, and is summarized in Ref. [85℄. The elimination of a restritive ut inthe DC detetor has allowed to inrease the statistis in more than 30% withrespet to the preeding work done in 2008 [92℄, explained by the inlusion ofevents whih were not onsidered previously.The omparison between two Monte Carlo generators [96, 110℄ was done,demonstrating the equivalene between them. A brand-new simulation wasimplemented to improve the desription of the pionium signal extrated fromthe spetrometer reonstrution. The new Monte Carlo was tuned with extraatributes that introdued orretions and improvements that had never beentaken into aount, suh as the simulation of the trigger and the inlusion ofthe momentum smearing in the momentum resolution.A rigorous redution of the systemati errors involved in the breakup proba-bility alulation was done. This, together with the statistial inrement of 30%results in the most aurate pionium lifetime measurement in its ground statewith a total unertainty of ∼9%, where more than 22000 atoms were reon-struted by the spetrometer. This granted the determination of the |a0 − a2|sattering lengths dierene with a ∼4% preision.Real data were divided in ve dierent sets, depending on the data takingperiod. Eah set was split in 7 laboratory momentum bins and a momentumdependent t was done, produing 35 independent breakup probability values.A maximum likelihood t was performed taking into aount these 35 indepen-dent breakup probabilities and their statistial and systemati errors, yieldinga lifetime of: 195






























× 10−15 s (7.2)where both statistial and systemati errors were signiantly bigger than theerrors reported in the present result. In spite of taking into aount unertaintysoures previously unonsidered, we have redued the systemati error by afator of 1.7, demonstrating the supreme eort done on this matter during thelast few years. The statistial error was also redued by nearly a fator of 2,and nally, after squaring all systemati and statistial errors, the relative error,that in the earlier measurement aounted for 19%, has been redued to lessthan 9%, hene by more than a fator of 2.Putting this all together we obtain the nal ππ sattering length dierene:














M−1π+ (7.3)This sattering length dierene, ompared with our previous publishedmeasurement [6℄:
|a0 − a2| = 0.264+0.033−0.020 M−1π+ (7.4)has redued the systemati and statistial error by a fator 2.5, as an be seenin Fig. (7.1).
197Our |a0−a2| determination is fully ompatible with the one obtained by theNA48/2 experiment through the K3π and the Ke4 deays. The ππ satteringlengths dierene obtained with K3π deays is:
(a0 − a2)Mπ+ = 0.2571 ± 0.0048 (stat) ± 0.0029 (syst) ± 0.0088 (theo) (7.5)The measurements performed by the K3π and the Ke4 experiments broughttogether yield a dierene in the pion sattering lengths:
(a0 − a2)Mπ+ = 0.2639 ± 0.0020 (stat) ± 0.0015 (syst) ± 0.0088 (theo) (7.6)Our sattering length dierene inludes the theoretial unertainties intothe systemati error. Combining all the errors of the measurements in quadra-ture, we an nally ompare the values obtained by DIRAC with the onesobtained by the NA48/2 Experiment. Table (7.1) and Fig. (7.1) summarize the
|a0 − a2| measurements performed by DIRAC and NA48/2, showing the exel-lent agreement between both experiments and ChPT. Also the world averagean be omputed obtaining |a0 − a2|Mπ+ = (0.2581 ± 0.0058).
|a0 − a2| determination |a0 − a2| × Mπ+ Combined errorChPT 0.2650 ± 0.0040DIRAC 0.2533 ± 0.0109
K3π 0.2571 ± 0.0104
K3π & Ke4 0.2639 ± 0.0091World Average 0.2581 ± 0.0058Table 7.1: Current values of ππ sattering lengths dierene.
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Figure 7.1: Experimental values of |a0−a2| obtained by DIRAC and by NA48/2.The dashed blak line represents the standard Chiral Perturbation Theory predi-tion, and its error is depited by the yellow band. The world average value wasomputed performing a mean value weighted by the individual errors involvedin the alulation, involving the two values provided by the NA48/2 experimentand the DIRAC 2011 measurement.
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Criteria for pre-seletion
1. One requires 1 or 2 DC-traks tted in eah arm (i.e. events with mul-tipliities larger than 2 in either arm are rejeted). When there are twotraks the earliest one that most probably produed the trigger  istaken for further analysis.2. For eah DC-trak the momentum is estimated and an extrapolation ups-tream is made in the SiFi planes, using a pre-dened approximation ofthe vertex at the target.3. For eah DC-trak, one selets hits in eah plane of the SiFi detetorwithin a time window. This time window is of a range [-4,+4℄ ns aboutthe expeted time obtained by subtrating the Time-Of-Flight from thetime measured by the orresponding slab in the Vertial Hodosope (asseleted in the DC traking).4. Hits are further seleted in a spae window [-D,+D℄ where D=(0.2m +4.8m/p) with p in GeV/. One requires at least 1 and at most 4 hits inthis window for eah plane. In ase more than 4 hits are found, only the4 losest to the enter of the window are retained.5. For eah DC-trak, a global t proedure is done Kalman lter usingSiFi hits (but not the assumed vertex). One keeps events with at leastone trak andidate per arm with a ondene level larger than 1% anda distane at the target level between the trak and the assumed beamposition smaller than 1.5 m (more than 3 sigmas) in both X- and Y-projetions.
200 Appendix A6. In eah SiFi plane, and for eah arm, one ounts the number of hitsin a spae window of range (essentially) [-1,+1℄ m. The window enterdepends on the intersetions of the trak andidates with the SiFi planeonsidered and with the target plane. To avoid onfused ases, with ahigh ambiguity level, events with too many hits in any of these windowsare rejeted. The upper limit is set at 4 hits.7. Further one keeps only events with at most 3 hits in eah plane or 4 inone plane and 2 in the other.8. For eah ouple of trak andidates (1 trak per arm) an overall vertex-tis made using the results and ovariane matries of individual trak ts.9. The relative momentum Q (twie the ms momentum) and its projetionsare alulated. Events for whih at least one ombination mathes all theonditions |QX | < 6 MeV/, |QY | < 6 MeV/ and |QL| < 45 MeV/ areseleted for a further analysis. These events are written out on le/tapein a format idential to that of the raw data (i.e. this is a diret opy,with minor additions).The data redution is expeted to be large a few % of the events re-tained while not loosing signiantly events of interest. This pre-seletionwould be done on all data taken so far, some 1.2 × 109 events, in a fairly shorttime lapse of about 3 weeks at CERN. Upstream traking with GEM/MSGCwill be left for a further proessing of the seleted data. If it turns out that thispre-seletion is found to loose events, unduly, a new seletion ould be redone.The time spent for the original pre-seletion would however have been beneialto study many side eets suh as, for example but not exhaustively, preiseadjustments of IH thresholds and muon ontamination.Tests on the run 1588 (Autumn 1999) give the following passing rates forPi-Pi triggers: 43% after step 1, 27% after step 5, 25% after step 7 and 2%after step 9. In terms of data (i.e. inluding the rejetion of non ππ events) thispre-seletion keeps about 1.5% of the 1999 data and 2% of the 2000 data. Thesenumbers are rather rude and may strongly depend on the run onditions.
201Criteria for Analysis
Some results will be made available for diret analysis as a by-produt ofthe pre-seletion. The following proedures are applied in addition to the pre-seletion.
• If the time dierene ∆t between the 2 traks, as measured by the VertialHodosope slabs (using lengths of ight and pion mass assignments), issmaller than 0.5 ns the event is marked as "prompt". If ∆t is in eitherranges [-15,-5℄ ns or [7,17℄ ns the event is marked as "aidental". Otherevents are rejeted.
• Protons in "prompt" events are rejeted by requiring, in addition to thetime ut dened above, an upper limit of 4.5 GeV/ on the momentum ofthe positive partile.
• Only one vertex-t is onsidered, the best one based on ondene levelsfrom trak ts and subsequent vertex t.
• The uts on the projetions of the relative momentum are as well tightenedto: |QX | < 5 MeV/, |QY | < 5 MeV/ and |QL| < 24 MeV/. For theevents thus seleted, a set of variables is stored via "ntuples" for lateranalysis.
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QUEEN - WE ARE THE CHAMPIONS(Freddie Merury - "News of the World, 1977)I've paid my duesTime after timeI've done my senteneBut ommitted no rimeAnd bad mistakesI've made a fewI've had my share of sandKiked in my faeBut I've ome throughAnd I need to go on and on and on and onWe are the hampions - my friendAnd we'll keep on ghting till the endWe are the hampionsWe are the hampionsNo time for losers'Cause we are the hampions of the worldI've taken my bowsAnd my urtain allsYou've bought me fame and fortuneAnd everything that goes with itI thank you allBut it's been no bed of roses no pleasure ruiseI onsider it a hallenge before the whole human raeAnd I ain't gonna loseAnd I need to go on and on and on and onWe are the hampions - my friendAnd we'll keep on ghting till the endWe are the hampionsWe are the hampionsNo time for losers'Cause we are the hampions of the world
